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Abstract
To explore how permeability is affected by thermal cracking at pressure owing to thermal
expansion anisotropy we have thermally cracked Sioux Quartzite. We heated specimens to
temperatures up to 830 K at confining pressures of 0.1, 100 and 200 MPa. We subsequently
measured permeabilities of samples over an effective .pressure range from 36 to 160 MPa.
On selected samples we performed detailed quantitative microstructural analysis using an
SEM. Samples cracked at temperatures of 830 K and room pressure have permeability in-
creased by a factor of 4. Their specific crack surface area per unit volume doubles over that
of an untreated specimen. Permeability increases for samples heated to 683 and 783 K at
room pressure by a factor of 3. A confining pressure of 100 MPa during heat treatment re-
sults in significant permeability increases only for samples heated to 830 K. But, a confining
pressure of 200 MPa effectively suppresses thermal cracking. In fact, healing features are
numerous. The specific crack surface is halved compared to the untreated samples. In none
of the surveyed samples did we observe a correlation between aperture width and length.
Existing fracture mechanics models explain the effect of temperature and confining pressure
on the pore structure. Confining pressures lower the stress intensity factors to well below
the critical factors necessary for crack propagation. Crack propagation is most efficient for
small preexisting flaws which are numerous in the untreated sample. The absence of many
long cracks is consistent with the model prediction that propagating cracks eventually ar-
rest. Thermal cracking shifts pore and crack morphologies towards high aspect ratio cracks.
A confining pressure of 45 MPa is sufficient to narrow most of the thermal cracks. Aper-
ture distributions do not shift drastically with further increases in confining pressure, but
absolute numbers of flaws continue to drop. Resulting aperture distributions qualitatively
explain the higher effective pressure dependence of thermally cracked materials.
We investigated the effect of mechanical deformation on transport properties by deform-
ing synthetic calcite/quartz aggregates to strains (e) up to 5 % at confining pressures (Pc)
up to 300 MPa and at temperatures (T) from 300 K to 873 K. Subsequently we measured
permeability (k) in a wide-range permeameter at effective pressures (Pe) of 15-155 MPa
and electrical conductivity (a) in an impedance measuring assembly over the same pressure
range at room temperature. The values of permeability and conductivity of the undeformed
material at Pe=100 MPa were 4x 10-18 m2 and 0.07 S/m. Samples deformed at 673 K and
Pc=200 MPa, or at room temperature and Pc=50-300 MPa, show small reductions of per-
meability and conductivity: k and a increased by up to 10 %. But, when a sample was
deformed at 873 K and Pe=200 MPa, electric conductivity dropped by one order of mag-
nitude and permeability dropped by 2 orders of magnitude. To assess whether changes in
length scales of the pore structure owing to deformation may account for large variation
in transport properties, we counted cracks and pores, measured their lengths and widths,
defined a damage parameter (6), and computed effective hydraulic and electric conductivity
using renormalization group methods. The undeformed rocks and the samples deformed at
low confining pressure have severe damage, appear to be close to failure, and hence have
high transport coefficients. Materials deformed at high pressures and temperatures have
lower flaw densities, connectivities, and transport coefficients after deformation. We found
that renormalization methods are suitable to model connectivity loss and large changes in
transport properties owing to changes in flaw density and length scales. Pore connectivity
and transport properties vary strongly during semibrittle deformation.
As a precursor to a study on fully plastic flow of synthetic quartz-calcite marbles, we
performed a series of hot-isostatic pressing (HIP) experiments on cold-pressed aggregates
composed of varying amounts of calcite and quartz. We monitored densification by mea-
suring length changes during HIP and changes in the amount of connected porosity. After
cold-pressing into a metal can with an uniaxial stress of 200 MPa, powder mixtures had
an inital porosity of 25-30 %. All mixtures were HIPed at a temperature (T) of 1075 K,
confining pressure of 300 MPa, argon pore pressure (P,) of 50 MPa for 2 h. For pure calcite
T was 975 K. Substantial amounts of porosity reduction occured during heating and pres-
surization to HIP conditions. For material with no or 5 % quartz, densification was nearly
complete after HIP. Mixtures with 10 and 20 % dispersed quartz retained small amounts of
unconnected porosity, while those with 30 and 40 % quartz gained up to 5 % unconnected
porosity after HIP. At the same time, densification rates of connected porosity remained
high. The study demonstrates that a framework of a strong phase effectively shields pockets
of weak matrix material from densification. Subsequent deformation tests had significant
deformation-enhanced compaction in samples with high amounts of porosity after HIPing.
Strength of polyphase rocks is largely controlled by relative strengths, distribution, volume
fraction, size and shape of its constituents. After HIP, we deformed samples at temperatures
(T) ranging from 875 to 1075 K at strain rates from ~10- 5 s-1 to ~10-3 s- 1 at effective
pressures between 200 and 300 MPa. We delineated a plastic deformation field at labora-
tory conditions, defined by the absence of volumetric strain changes during deformation.
We deformed samples in compression and extension and observed strengthening even with
small additions of quartz. Compaction affects initial hardening behavior until compaction
rates are small. For material with 30 % quartz or more we do not observe steady state
flow, but continuing compaction. For mixtures with less quartz we generally observe steady
state flow after compaction has ceased. When deformed at identical conditions, adding 20 %
quartz increases steady state flow strength up to 6x over that of pure calcite marbles. As-
suming a power-law description for the rheology, we determined apparent stress exponents
(n) and activation parameters (Q) for the fully plastic regime. For example, at T=1075 K n
apparently increases from 4 for the pure aggregate to 17 for the mixture with 20 % quartz.
For a given mixture, n decreased with increasing temperature. Similarly, Q, determined
over a range of temperatures from 875 to 1075 K, appears to increase from 180 kJ/mol for
pure calcite aggregates to 665 kJ/mol for mixtures with 20 % quartz. Assuming constant
quartz grain size, flow strength was found to depend inversely on interparticle spacing or
volume fraction. A simplified model calculation based on Eshelby's method indicates that
stresses and strains are heterogeneously distributed and that hardening rates based on com-
patibility requirements of plastic misfit strains overpredict actual measured hardening rates.
Efficient relaxation processes such as inclusion fracture/creep, interfacial sliding, cavitation,
dislocation motion, diffusion and recrystallization are likely to operate.
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Chapter 1
Introduction
1.1 Introduction
A fundamental goal of experimental geophysics is to study processes that determine
kinematics and dynamics of minerals and polycrystalline aggregates. Geological and
geophysical processes pose a fundamental challenge to the experimenter owing to
complexity of natural phenomena. A major challenge lies in the problem of extrap-
olating controlled laboratory observations to time and length scales relevant to the
solid Earth. Most rocks are polyphase aggregates, often saturated with a fluid that
interacts with the solid matrix. Strain rates may vary over orders of magnitude, devi-
atoric stresses of up to 100 MPa may be present and lithostatic pressures of GPa may
affect physical properties of rocks. In response to a load, rocks may deform by a whole
spectrum of deformation mechanisms, including brittle, pressure-sensitive processes
involving distributed microcracking, grain and frictional sliding. Plastic processes,
such as twinning or crystal plasticity, may characterize the strength of rocks. If tem-
peratures are high enough, diffusive processes may become important. When fluids
are present, precipitation-dissolution mechanism are likely to be operative.
There is an intimate relationship between mechanical and other physical proper-
ties of rocks - one will govern the other, usually in a complex interplay. For example,
transport properties in brittle materials are very much determined by the pore struc-
ture which in turn is a direct outcome of the rocks' mechanical and thermal history.
Conversely of course, the thermal and mechanical .history are very much determined
by the transport properties. With regards to transport properties, the pore structure
of an intact rock is highly variable and difficult to characterize. Often there appear
to be characteristic length scales that are present on the scale of observation. How
do they change in response to loading?
In the next section we pose the question how thermal loading affects transport
properties of tight rocks. In engineering situations this problem has received wide-
spread attention particularly in view of nuclear waste disposal sites. If we heat a
dense rock, how does its pore structure evolve if thermal stresses owing to differences
in thermal expansion behavior become large enough to be relaxed by cracking? What
if a lithostatic pressure modifies the internal stress field of a rock? How do we quan-
tify such changes? To attack these questions we investigated the effect of confining
pressure during heating and cooling on permeability. The material we used was a
dense, polycrystalline quartzite rock.
Given our findings of the section, we proceed on to the next section to ask how
transport properties evolve in response to a mechanical load. We chose to perform
this study on synthetic calcite rocks strengthened by a strong second phase, quartz.
Can we capture the most important features of damage accumulation and cast them
into a quantitative framework that can also relate to transport properties? Further,
on controlled specimen, controlled loading histories, and geometry, can we relate
small scale observations to macroscopically averaged transport properties? We inves-
tigated these questions in close collaboration with Dieter Freund and Georg Dresen
of the GeoForschungsZentrum, Potsdam (Germany). The electrical transport prop-
erties were measured at the GFZ by Dieter Freund. We found that low temperature
stable deformation (i.e. characterized by the absence of macroscopic faults) may
cause subtle shifts in the microcrack population,'which in turn have a large effect
on transport properties. The evolution of length scales and distributions of micro-
crack populations could be adequately characterized by a damage variable, related
to both, the degree of mechanical loading and transport properties. If temperature
was high enough to allow crystal plastic processes to be primary strain accommo-
dating mechanisms, we observed percolative phenomena within the pore structure.
We found that the evolution of transport properties towards such phenomena could
be well characterized by renormalization group methods. Also, it served as a first
attempt at controlled upscaling of inherently length scale sensitive phenomena like
conductivity. An interesting feature of this study was the mechanical behavior of the
synthetic calcite-quartz aggregate. The addition of the second phase not only stabi-
lized deformation, but also induced microcrack population (and associated transport
properties) that were possibly related to the distribution of the second phase.
In the semi-brittle field stability of deformation, microcrack population and as-
sociated length distributions was significantly influenced by the addition of a strong
second phase. In the plastic field, the effect of a strong phase is rather dramatic.
Even small additions of a second phase cause significant strengthening. We explored
plastic flow of quartz-calcite aggregates containing up to 40 % (wt) quartz. Now, it
appears that the second-phase population controls not only stability of deformation,
microcrack population and transport properties, but also the mechanical response
during high temperature deformation.
Chapter 2
Effect of Thermal Cracking at
Pressure on Permeability of Sioux
Quartzite
Synopsis. To explore how permeability is affected by thermal cracking at pressure owing to
thermal expansion anisotropy on permeability, we have thermally cracked Sioux Quartzite.
We heated the specimens to temperatures of 683, 783 and 830 K at confining pressures of
0.1, 100 and 200 MPa. We subsequently measured permeabilities of samples in a wide-range
permeameter over an effective pressure range from 36 to 160 MPa. On selected samples we
performed detailed quantitative microstructural analysis using an SEM to document the
effect of thermal cracking at pressure on the microstructure. Samples cracked at tempera-
tures of 830 K and room pressure have permeability increased by a factor of 4. Their specific
crack surface area per unit volume doubles over that of an untreated specimen. Permeability
increases for samples heated to 683 and 783 K at room pressure are more moderate with a
factor of 3. A confining pressure of 100 MPa during heat treatment results in significant per-
meability increases only for samples heated to 830 K. But, a confining pressure of 200 MPa
effectively suppresses thermal cracking. In fact, although the experiments were performed
on nominally dry samples, healing features are numerous. The specific crack surface is
halved compared to the untreated samples. In all surveyed samples we did not observe a
correlation between aperture width and length. Existing fracture mechanics models explain
the effect of temperature and confining pressure on the pore structure. Confining pressures
lower the stress intensity factors to well below the critical stress intensity factors necessary
for crack propagation. Crack propagation is most efficient for small preexisting flaws which
are numerous in the untreated sample. The absence of many long cracks is consistent with
the model prediction that propagating cracks eventually arrest. Thermal cracking shifts
pore and crack morphologies towards high aspect ratio cracks. A confining pressure of
45 MPa is sufficient to narrow most of the thermal cracks. Aperture distributions do not
shift drastically with further increases in confining pressure, but absolute numbers of flaws
continue to drop. Resulting aperture distributions qualitatively explain the higher effective
pressure dependence of permeability.
2.1 Introduction
The presence of microcracks in rocks has a strong effect on the physical properties
of rocks including, elastic behavior [149], acoustic properties [97] and fluid-transport
properties [13]. The production of cracks during heating and cooling, i.e. thermal
cracking, occurs both in natural geologic processes and in engineering situations in-
volving hydrocarbon recovery, and the storage of nuclear waste. Such thermal crack-
ing, owing to anisotropy and mismatch of thermal expansion strongly affects perme-
ability [78, 13, 40, 69, 70, 147]. Bauer and Johnson [13] observed that permeability
drops in thermally cracked Westerly and Charcoal Granites if confining pressure is
increased from 2.8 to 35 MPa. If temperatures are too low for thermal cracking to
occur, permeability may decrease owing to thermal expansion of grains into the pore
space [40]. The intensity of thermal cracking increases with incr.easing peak tem-
perature during thermal treatment [160, 90], and decreases with increasing confining
pressure [13, 33]. Heating rate also affects thermal crack generation [143, 141]. But,
peak temperature is most important. Thermal stress cracking in granite monitored by
counting acoustic emissions and measuring compressional wave velocities at confining
pressures between 7 and 55 MPa indicates the existence of a threshold for extensive
thermal cracking at 100"C [151].
To test the effect of thermal cracking at pressure on permeability we heated cylin-
drical cores of Sioux Quartzite and subsequently measured the permeability of ther-
mally treated samples in a permeameter. We then performed detailed microstructural
observations on samples to quantify the microstructure and test existing microme-
chanical models of thermally induced cracking.
2.2 Experimental Procedure
Sioux Quartzite is 99 % quartz and has a porosity of less than 0.6%. The grains
are about 160 pm in size, equant and polyhedral. We did not determine whether a
preferred lattice orientation exists. The homogeneous nature of Sioux Quartzite has
been exploited in studies of fracture properties and slow crack growth [101, 120, 119].
We performed the thermal cracking experimerits in an argon confining medium,
internally heated, servo-controlled, deformation apparatus [86]. The cylindrical sam-
ples, 25.4 mm in length and 18.5 mm in diameter, were vented to the atmosphere dur-
ing thermal treatment. We first applied a confining pressure of 0.1, 100 or 200 MPa,
then raised temperature to 298, 683, 783 or 830 K at a constant heating rate of
5 K/min. Two 683 K tests were done with heating rates of 1 K/min and 10 K/min for
a peak temperature of 683 K at a confining pressure of 100 MPa. Once at peak, tem-
perature and confining pressure were held constant for 30 min. and then temperature
was decreased at the same rate. The sample was retrieved, rejacketed and a series of
permeability tests performed at room temperature.
To measure transport properties we used a wide range permeameter [15], capable
of measuring permeabilities of 1 x 10-23 m2 with the pulse decay (transient) method
[26] with water as the pore fluid. During any one experiment (up to 5x104S long)
temperature was constant to 0.2 Kbetween318.6and320.2 K depending on room tem-
perature. To perform a pulse decay test, after pressure and temperature equilibrated
a small pore pressure (6P,) increase (-1 MPa) was imposed on the small upstream
reservoir. If temperature during an experiment is constant, permeability is evaluated
by the approximate relation [15]
5P,(t) oc exp(-at), (2.1)
where a is related to the compressive storage (i.e., the ratio of a change in fluid vol-
ume to the corresponding pore pressure variation) of the sample and the reservoirs,
the viscosity and compressibility of the pore pressure fluid, the compressibility of the
rock, its porosity, dimensions and permeability [15]. For freshly cored samples of in-
tact crystalline rocks permeability depends on loading path when effective pressure,
i.e. the difference between the confining and pore pressure, is cycled [14]. We adopted
the following protocol: after thermal equilibrium was reached, confining pressure was
raised to 1 MPa and the system is flushed. We then gradually raised confining and
pore fluid pressures to 170 MPa and 16 MPa. After pressures equilibrated, we de-
termined the permeability. Then, keeping pore fluid pressure constant, we lowered
confining pressure in steps to 60 MPa performing a permeability measurement after
each step. The same sequence was used to cycle confining pressure back to 170 MPa.
For the first 15 samples we extended the measurements by performing two additional
cycles with pore fluid pressure at 22 MPa followed by a cycle at Pf = 10 MPa. After
completion of the second cycle we lowered pore fluid pressure to 10 MPa and per-
formed a third confining pressure cycle. After completion of each cycle we returned
to our starting values and measured permeability to monitor any changes owing to
pressure cycling.
We then examined microstructure of samples with a scanning electron microscope
(SEM) using backscattered electron imaging on polished thick sections, that were
milled in an argon ion thinner and carbon-coated [25]. To quantify damage, we used
standard stereological techniques to determine mean number of flaw intercepts per
unit line length (PL) [146]. The specific crack surface area per unit volume (Sv) is
twice the value of the mean number of flaw intercepts per unit line length [146]. We
also measured apparent aperture (w), and, for three samples, length (1) of cracks and
pores (flaws) along test lines with total length of 44x103 to 11Ox103 pm. The mea-
surements were taken in a raster of lines between 1x103 and 6x 103 tim long, spaced
100 pm apart. We suppose the area covered by 150-500 grains, i.e. 3.6-6.6x 106 pm2,
as a representative volume element (RVE). To measure aperture, we increased magni-
fication from 1,000x to 10,000x (sometimes up to 30,000x) and measured aperture
width intersected by the traversing line. The cutoff of detectable apertures was around
0.1 pm. For the length determination (not necessarily perpendicular to the raster)
we followed Hadley's [66] suggestion that a crack may deviate only up to 200 from
its trace and contain asperities a few times its apparent aperture. The distinction is
mostly convention, but micromechanical computations lend some justification to this
choice [62].
We use chord-length measurements [88] reinterpreted in terms of crack aperture
statistics [157] to test whether the geometry of the pore space described by the specific
crack surface area can be characterized by a fractal dimension [157]. Chord analysis
is the measurement of the widths of the intersection of a chord through the pore
structure. If pore space is fractal, the specific crack surface area should be related to
aperture by a power law [157]. Wong et al. [157] found that a large part of the pore
structure in Westerly Granite and Rutland Quartzite is fractal. It is important to
remember that we are only sampling a limited range of aperture distribution (less than
3 orders of magnitude). We did not perform any overlap measurements to smaller
and larger length scales.
2.3 Experimental Results
The experiments have three adjustable parameters, heating rate, peak tempera-
tures and confining pressure during heating and -cooling. To establish a baseline,
we measured permeabilities of 8 untreated samples over effective pressures from 36
to 162 MPa. Variations from sample to sample are larger than errors in individual
determinations (- 5 %). The permeabilities range from 78 x 10-21 m2 at an effective
pressure of 40MPa to 2x10- 21 m2 at 162 MPa (Figure 2-1). But, five of the eight sam-
ples have a permeability ranging from 20x 10-21 m2 to 78x 10-21 m2 at high and low
effective pressures respectively, while three other samples have values of 2 x 10-21 m2
to 9x10-21 M2 . At least two of the three low permeability samples are from a dif-
ferent block of Sioux Quartzite. The sample to sample variability of permeability of
untreated samples is less than a factor of 4. Other studies show even larger variations.
In an analysis of decimeter-sized blocks of limestone and sandstone of homogeneous
appearance sample-to-sample variability in permeability ranged over more than 2
orders of magnitude in limestone and over more than 1 order of magnitude in the
sandstone [72]. The correlation between porosity and permeability was poor. The
variability in the Sioux Quartzite is probably due to sample to sample variations
rather than experimental uncertainties.
We thermally cracked four samples at a confining pressure of 100 MPa and peak
temperature of 683K, but at heating/cooling rates of 1, 5 or 10 K/min respectively.
We did not observe any systematic trends in permeability owing to variations in
heating rate. The experimental observations are consistent with our suggestion that
variable heating rates of less than 10 K/min during treatments at Pc=100 MPa have
no discernible effect on later permeability. For all other thermal treatments heating
rate was 5 K/min.
Thermal cracking at room pressure results in significant changes in permeabil-
ity relative to that of untreated specimens (Figure 2-2). Permeability increases up
to a factor of three with largest increases corresponding to highest peak temper-
atures. Whereas the untreated samples have permeabilities as high as 50x 10-21
to 80 x 10~21 M2 , samples cracked at room pressure have permeabilities of up to
190 X10~21 M2 .
Superposing intermediate confining pressures of 100 MPa during heat treatment
results in significantly smaller increases in permeability for those specimens taken
to temperatures of 830 K (Figure 2-3). Measured values for the nine samples taken
to 830 K ranged from 40-85 x 10-21 M2 at high effective pressures of -160 MPa to 90-
140 x 10-21 M2 at low effective pressures of ~ 40 MPa. One of the nine samples was very
permeable compared to others which underwent the same treatment (105x 10-21 M2
and 480 x 10-21 m2 at high and low effective pressures respectively). In general, sam-
ples which saw peaks of 683 and 783 K have permeabilities close to the upper values
of untreated samples. The first cycle of one specimen taken to 683 K did show a
significant increase above background, which was not observed in a second and third
pressure cycle. A repeat of the thermal crack experiment at 683 K and 100 MPa
confining pressure did not duplicate the observation of the first cycle.
The permeability of nominally dry samples heated with 200 MPa confining pres-
sure did not increase significantly (Figure 2-4). In fact, permeability was closer to
the lower values of the untreated samples. Values range from Ix 10-21 m2 at high
effective pressures to 20x10-21 m2 at low effective pressure. The permeability of a
sample confined at 200 MPa and at 298 K for the duration of a typical heat treatment
(4 hours) did not measure such low permeability values. Permeabilities ranged from
40x 10-21 m2 to 80x 10-21 m2 depending on effective pressure. It appears that a com-
bination of elevated temperature and high confining pressure can keep permeabilities
low (or possibly even decrease permeability).
2.4 Quantitative Microstructural Observations
We characterized the quantitative microstructure of selected specimens by computing
the mean number of intercepts of cracks and pores (collectively referred to as flaws)
per unit length of test line, PL on SEM images (Table 2.2). Cracks have aspect
ratios (length/width) of > 10. The specimen permeabilities are listed in Table 2.1.
Provided the cracks are randomly oriented, the specific crack surface area, Sv, is
twice PL [146]. In addition we measured aperture of flaws along the test line. For an
untreated sample, a sample heated to 830 K at a P- = 0.1 MPa and a third heated to
830 K at Pc = 200 MPa we also measured the length of flaws.
Untreated Sioux Quartzite has PL = 5.3t2.3 mm- 1 and Sv = 10.6 mm2 /mm 3
(Table 2.2). The connected porosity is composed predominantly of cracks (Figure 2-
5a) running along grain boundaries. Although volumetrically important, pores are
of minor importance for connectivity and are concentrated at grain junctions. The
relative frequency of flaw intercepts increases with decreasing aperture (Table 2.3).
The number distribution of apertures and lengths of all surveyed features normalized
to an area of 1 mm2 are shown in Figure 2-6a. In the untreated samples (Figure 2-6a)
most cracks are between 30-100 pm long with a significant proportion between 10-
30 pm in length. Most cracks, 60.9 %, are less than 60 pm long. Length determinations
are, however, somewhat arbitrary because they are based on an ad-hoc criterion. The
relative frequency of longer cracks decreases with increasing crack length (Table 2.4).
There is no correlation between flaw length and aperture. The (arithmetic) mean
length of surveyed cracks is 69.5 pm, the geometric mean 45.2 pm. The (arithmetic)
mean length of all apertures that we observed is 1.2 pm, the geometric mean 0.9 pm.
Heating a sample to 830 K at room pressure extensively cracks grain boundaries
(Figure 2-5b). Porosity appears to be mostly crack-like and contribution of pores
to the overall porosity decreases. PL=10O.O4.7mm-1 and Sv=20.0 mm2 /mm3 (Ta-
ble 2.2). As with the untreated sample the number of cracks increases with decreasing
aperture. In the untreated sample, 75.7 % of apertures are less than 2.5 pm wide, but
in the heated apertures 85.9% are that small. The (arithmetic) mean of all apertures
observed in the heated sample decreases to 1.4 pm and the geometric mean is 0.6 pm.
Again, there is no correlation between aperture and length of flaw. The relative fre-
quency of cracks less than 60 pm long increases to 71.4%. The (arithmetic) mean
length of surveyed cracks is 58.2 pm, the geometric mean 34.9 pm. The increased
abundance of short thermal cracks in the sample heated to 830 K at room pressure
is easily apparent in a histogram (Figure 2-6b). However, observed apertures do not
show such a dramatic shift.
Heating samples to 830 K with Pc=100 MPa causes modest changes in the flaw
structure. The crack structure is similar to the untreated material (Figure 2-5c): PL
increases to 7.12.3mm- 1, Sv to 14.1 mm2 /mm 3 (Table 2.2). The aperture distribu-
tion is less peaked than in the untreated sample and the unconfined sample heated
to 830 K. Only 56.9 % of all apertures are less than 2.5 pm wide with an arithmetic
mean of 2.9 pm; and geometric mean of 1.7 pm. In two other samples heated to 783
and 683K PL was smaller: 2.9t1.2mm~1 and 4.6±1.3mm-1. The distributions in
these samples are also similar to the untreated specimen. Arithmetic and geometric
mean apertures are 2.3 pm and 1.1 im for the 783 K sample and for the 683 K sample,
1.7 pm and 0.8 pm.
The crack structure of a sample heated to 873 K at Pc of 200 MPa as observed
in a polished section has a rather different morphology (Figure 2-5d). Cracks rarely
run along entire grain boundaries. There are many bubble trains. PL decreased to
2.8±1.3 mm' and the mean aperture is smaller, 1.7 pm (arithmetic), 0.8 pm (geo-
metric). About 63.0 % of the cracks are less than 60 pm long and proportionally more
flaws appear to be between 20 and 40 pm long. The (arithmetic) mean length of sur-
veyed cracks is 63.7 pm, the geometric mean 40.1 pm. The distinctive pore structure
is also apparent in the histogram of length and apertures (Figure 2-5c): there is a
relative decrease in features with apertures between 0.3-1 Pm and an increase in flaws
with aperture between 0-0.3 pm.
The product of the mean of apertures and specific crack surface area should be
close to the porosity of the surveyed material [157]. Here, the porosity is larger than
measured by the ratio of the sum of measured apertures and total length of test line.
Nonetheless the overpredictions suggest that we probably survey most of the pore
structure Table 2.2.
Following Wong et al. [157] we plot the cumulative specific flaw surface area as a
function of flaw aperture on a logarithmic scale (Figure 2-7). If pore space were frac-
tal, the specific crack surface area should be related to aperture by a power law [157].
Most of the pore structure can not be characterized by a a fractal dimension. We
have, however, explored only a rather limited aperture size range and have not per-
formed any overlap measurements to extend the scale of observation. The volumetric
contribution of features below the resolution limit is most likely rather small [66, 157].
Like rocks studied by Wong et al. [157] and unlike sedimentary rocks [142, 87] the
pore space of metamorphosed Sioux Quartzite both untreated and thermally cracked
can not be well characterized by fractal geometry concepts.
2.5 Discussion
Heating to 873 K at room pressure substantially modifies the porosity structure and
results in significant increases in permeability. Superposition of 100 MPa Pc retards
cracking during thermal expansion; when Pc=200 MPa thermal cracking may be com-
pletely suppressed. We interpret our measurements in terms of a fracture mechanics
model [59] of a 2-D model of a square inclusion with thermal expansion anisotropy em-
bedded in a homogeneous matrix. First, however, we address the question whether
thermal gradients during heating and cooling can induce stresses large enough to
propagate pre-existing flaws.
Using values of thermal conductivity appropriate for quartz and the solution to
the temperature distribution in a cylindrical sample during heating and cooling at a
constant rate of 10 K/min [155] suggests that the maximum temperature difference
between the center and surface of the sample is less than 9 K. The maximum temper-
ature gradient occurs at the surface and is at most 2.1 K/10-am. Crack propagation
depends on the local stress concentration factor, KI at the crack tip. The Kia owing
to thermal gradients depends on crack size a, heat flow q, thermal expansion modulus
a, conductivity r,, Poisson's ratio v and Young's modulus E. For an internal line crack
subjected to a uniform heat flow in a homogenous isotropic material Murakami [1987]
gives the expression:
E\
Kia = ) qV . (2.2)
* ff1 + (3 - 4 v) ) r
If the initial flaw size is 30 pm the thermal gradient near the surface results in a local
stress concentration of about 1.25 MPav/ii. Experiments indicate that the critical
stress intensity factor for mode I loading of quartz is on the order of 0.2-1 MPav/ii
[8]. However, the thermal gradient rapidly decreases towards the center of the sample,
so we expect that cracks may be generated only near the surface. The computations
are valid only for isolated cracks embedded in a perfect medium. Since our sample
material is pervasively cracked, the true stresses are most likely lower. However,
the order of magnitude evaluations serve as a guide, and hence, our experimental
observation that variations in heating rate causes no discernible effect in cracking is
consistent with the stress intensity calculation, at least for heating rates less than
10 K/min.
To understand the effect of peak temperature and confining pressure during ther-
mal cracking we use the fracture mechanics model of Fredrich and Wong [1986].
Earlier studies on ceramic materials gave similar results [51, 35]. The stresses for
the 3-D are similar in magnitude to the 2-D case. In the 3-D case there is also a
logarithmic singularity in the stresses at the junction of grains [62]. The material
parameters and their sources are given in Table A.1 of the Appendix A. Fredrich and
Wong [1986] calculated stress fields for both intergranular and grain boundary cracks
(Figure 2-8). Since grain boundary cracks form the bulk of newly formed cracks we
use Fredrich and Wong's [1986] expression for the stress intensity factor near grain
junctions modified to include superposed confining pressure [34]. The normal stress
field along the x-axis for the grain boundary crack case
SWEAa'(T - T) ' _4L2_4L2
= 27r(1 - v2 ) [4L2 +(2L- x) 2  4L 2 + x2
(2L - x 1 1n 4L 2 + (2L -X)2
+ln in ~ L2 +x (2.3)X ) 2 4 2 + X2
that for the intergranular crack case [59]
EAa'(T - T) [(x+ V2iL) 2 +2L 2]
27r(1 - v2 ) .x(x + 2v/ZL)
2L is the grain size, x is the distance from the grain junction and a' is the thermal
expansion coefficient for the orientation of the modeled grains. The expression for the
tensile stress field along the x-axis allows the eval'uation of the total stress intensity
factor, K1 , of a flaw of size, a, oriented along the x-axis with pressure, PC, acting
normal to its faces e.g.[34, 33]:
2 f ory(x)x2'K1 =f I dx -Pcv/1r -(2.5)7ra (a - x)i
Note that a grain size dependence enters through the stress field. The integral is valid
strictly for flaw sizes not greater than 20 % of the grain size (~--, 30pm). For greater
initial crack sizes, the compliance of the cracked body is affected and boundary effects
become important [52]. We evaluated the stress fields and performed the integration
over a variety of initial flaw sizes to obtain values of the stress concentration factor
as a function of initial flaw size. If the K, is larger-than or equal to the K1 c the crack
may propagate. Figure 2-9 shows values of the K, owing to thermal stresses plotted
as a function of flaw size. The values first increase with flaw size, reach a maximum
depending on the grain size, 2L, and peak temperature and subsequently decrease.
There exists a critical range of flaw size for which the stress intensity factor will be
larger than the critical stress intensity factor, K1 c. Based on the fracture mechanics
model of Fredrich and Wong [59], we expect preexisting cracks of length 2-30 pm to
propagate at room pressure. The calculations are consistent with our microstructural
observations. Growth is limited as cracks propagate into a decreasing stress field
and a more compliant matrix. The critical range of flaw sizes is notably larger for
intergranular cracks than for grain boundary cracks (Figure 2-9). If we assume that
the critical stress intensity factor for the material is about 0.5 MPa V/iii, we find that in
the case of thermal cracking at room pressure, the thermal stresses are large enough
to permit crack growth. Again, we emphasize that any interaction and boundary
effects are excluded. The existing stress field for those cases is too complex to be
characterized by the square inclusion analysis.
The presence of a confining pressure, Pc, severely modifies the stress concentra-
tion factors of pre-existing flaws. While a confining pressure of 200 MPa effectively
overwhelms all local stress concentrations owing to the presence of flaws, an interme-
diate confining pressure of 100 MPa may permit short flaws to grow to approximately
a quarter of the grain size, depending on peak temperature. We observe pervasive
cracking due to thermal expansion anisotropy in unconfined specimens which cause
substantial increases in permeability and measured crack surface area. The effect
of microcracks becomes less pronounced at 100 MPa. Even if cracks may propa-
gate, they will be predominantly short cracks with low apertures and they may not
make a major contribution to fluid flow. Permeabilities may therefore increase but
not strongly. Confining pressures of 200 MPa will suppress microcracking owing to
thermal expansion anisotropy. Hence, crack surface area and permeability are not
expected to increase. But, there is also microstructural evidence of healing during
the experiment, suggesting that trace amounts of water are trapped in nominally dry
samples owing to confining pressure (Figure 2-5d).
The pressure dependence of the permeability derives from changes in the aspect
ratio of the porosity under changing stress states. We can estimate changes in the
aspect ratio distribution as a function of confining pressure. If all flaws are penny-
shaped features of fixed length, but variable aperture, [149] then applying a confining
pressure will cause the aperture, ao, to narrow by: 1/E7r(4ao(1 - v2)APc). A full
treatment of the boundary value problem of an ellipsoidal cavity in an infinite body
shows that normal displacements of the wall of an ellipsoidal cavity depend on the
shear modulus [131, 48, 164]. But we ignore this complexity and have chosen to
use Walsh's [1965] simpler treatment. Starting with observed initial crack and pore
distributions we estimate the new population by calculating the effect of Pc on the
aperture. We plot the number density of flaws as a function of their aspect ratio for
confining pressures 0.1, 45, 100, 130 and 155 MPa (Figure 2-10). The aspect ratio
distribution for the untreated sample shifts towards lower aspect ratios as a confining
pressure of 45 MPa is applied (Figure 2-10a). Interestingly, the peak of the distri-
bution remains more or less stationary with further increases in confining pressure.
However, the absolute numbers decrease substantially. Similar effects are visible for
the case of the sample heated to 830 K at room pressure (Figure 2-10b). The aspect
ratio distribution is consistent with the stronger effective pressure dependence of the
permeability. A confining pressure of 45 MPa is highly effective in closing high aspect
ratio cracks and dropping the absolute numbers of flaws. Most of the cracks have
formed during thermal cracking. The presence of high aspect ratio thermal cracks is
consistent with the observation that transport properties become more sensitive to
effective pressure [13, 90]. Similarly, absence of thermal cracks in the sample heated
to 830 K at Pc = 200 MPa and the weak effective pressure dependence is consistent
with the aspect ratio distribution affected by healing (Figure 2-10c). The distribu-
tion is more uniform and remains unchanged at pressures greater than 45 MPa. The
number density is small resulting in an overall significantly lower permeability.
2.6 Conclusions
Thermal cracking at 0.1 MPa and 683, 783 and 830 K at a constant heating/cooling
rate of 5 K/min and a hold time of 30 min peak temperature enhances permeability
by a factor of 2.5, 2.5 and 4 respectively. Crack surface area per unit volume doubles
for the sample with the largest increases in permeability. Permeabilities of nominally
dry samples exposed to heat treatments at confining pressures of 100 MPa, do not
increase significantly above background except at peak temperatures of 830 K. Then,
permeability increases by a factor of 2 to 4, and crack surface area per unit volume
increases by a factor of 1.4 agreeing with calculations of the stresses generated by
thermal expansion anisotropy. Variations in heating rate in the range of 1-10 K/min
do not promote or prevent thermal cracking; an observation which also agrees with
theoretical estimates. Sample permeabilities may decrease if confining pressure during
thermal treatment is large. In nominally dry samples heated to 830 K with super-
posed confining pressures of 200 MPa, permeability did not increase but remained
low. Healing structures are present in these samples. Thermal cracking is completely
suppressed at high confining pressures. Assuming penny-shaped cracks, calculations
that simulate progressive narrowing of cracks owing to confining pressure suggest
effective closure of newly formed thermal cracks at confining pressure of 45 MPa.
Shape and number density of aperture distribution change in a fashion consistent
with microstructural observations of pore structure.
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Figure 2-1: Permeability of Untreated Sioux Quartzite. Heavy symbols represent
the average permeability value of 8 samples at or near the effective pressure during
the permeability test. The error bars reflect one standard deviation in the average
permeability value and the spread in effective pressure; the uncertainties for individual
samples are ~5%.
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Figure 2-2: Permeability after Heating at Pc=0.1 MPa at 5 K/min. Heating to 830 K
increases permeability by a factor of 4. Heating to 783 and 683 K increases perme-
ability by the same amount. For reference, heavy cross-shaped symbols, reflect the
background permeability of untreated specimen.
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Figure 2-3: Permeability after heating at Pc=100 MPa at 5 K/min. Heating to 783 and
683 K has no or only little effect compared to the average permeability of untreated
specimen. However, heating to 830 K increases permeability by a factor of 4. Plotted
are average values of 9 samples. Sample to sample variations cause a significant spread
in the data.
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Figure 2-4: Permeability after heating at Pe=200 MPa at 5 K/min. Heating to any
temperature had little effect on subsequent permeability measurements. In fact, heat-
ing may have caused permeability to be less compared to the average permeability
of untreated specimen. Note that an untreated specimen having been subjected to
Pc=200 MPa showed no change in permeability.
Figure 2-5: Reflected light microscope images of selected specimens. a, untreated
Sioux Quartzite with mostly crack porosity, that appears to be well connected. b,
sample heated to 830 K at Pe = 0.1 MPa. Note pervasively cracked grain boundaries.
Etched grain boundaries probably result from polishing. Permeability quadruples
compared to the untreated material. c, sample heated to 830 K with Pc = 100 MPa:
qualitative and quantitative inspection indicates a crack structure not too different
from untreated material. Permeability increases by a factor of 2, but occasionally by
a factor of 4. d, Heated to 830 K with 200 MPa pore structure changes significantly,
cracks rarely run along entire grain boundaries. Bubble trains are well developed.
At the scale of observation there is no evidence for thermal cracks. Permeability is
lowered compared to the untreated specimens.
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Figure 2-6: Histograms: a, untreated specimen have most of crack lengths apparently
controlled by the the grain size of 160 pim. Apertures are generally less than 3 /Im. b,
heated to 830 K at room pressure at least doubles the number of low-aperture, high-
aspect ratio cracks with lengths between 10 and 100 pm. We interpret the cracks to
be of thermal origin. c, for comparison, heating at a confining pressure of 200 MPa
to 830 K decreases the areal density of cracks with apertures larger than 0.3 pm.
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Figure 2-7: Cumulative crack surface density versus aperture. We plot the contri-
bution of cracks with a given aperture to the cumulative crack surface density. The
intercept on the y-axis gives the total crack surface area, Sv, determined from the
mean intercept length. If pore structure were characterized by one fractal dimension,
the slope of the line would have been constant, with a value of (2-D), where D is the
fractal dimension with a value between 2 and 3. We observe no constant slope in any
of the plots suggesting that pore structure is not well characterized by a single fractal
dimension.
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Figure 2-8: Model geometry of square grain in a isotropic, homogeneous matrix af-
ter [59]. Arrows in the grain denote the principal direction of thermal expansion.
Cracks either protrude into the matrix at 31r/4, which maximizes stresses generated
by thermal expansion anisotropy, or lie along quartz grain boundaries.
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Figure 2-9: Computed stress intensity factors plotted as a function of an initial flaw
size at three temperatures. If the KIc is 0.5 MPaV~, crack propagation will occur
for most short intergranular cracks. Note that all cracks grow into a decreasing stress
field and will eventually arrest. Grain boundary*crack growth arrests earlier than
intergranular growth. Superposing a confining pressure will lower stress intensity
factor below critical, particularly at Pc=200 MPa.
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Figure 2-10: Plot of number densities of cracks within aspect ratio bins as an ex-
ternally applied confining pressure increases. Input are measured lengths and widths
(aspect ratios) of flaws - idealized as penny-shaped flaws. We assume length to remain
fixed and recalculate the aspect ratio owing to narrowing of flaws owing to confining
pressure. Number densities decrease as confining pressure increases. Compared to an
untreated specimen (a), thermally generated cracks during heating to 830 K at room
pressure (b) show a stronger response. Features with aspect ratios larger than 100
close during initail loading to Pc = 45 MPa. Subsequent confining pressure variations
do not cause large shifts in both, number density or shape of aspect-ratio distribution.
(c ) Healed lower aspect-ratio features control the compliance of the sample heated
to 830 K at Pc = 200 MPa. Subsequent loading has comparatively little effect. Note
that the aspect ratio distribution does not change significantly.
Table 2.1: Conditions of Thermal Treatment and Permeability Data of Sioux
Quartzite.
Eff. Pressure, Permeability,
MPa m2
Untreated Average of 8 samples
155
126
99
44
SC1004 783 K;
155
155
113
83
44
83
113
19 11.1
18 13.6
24 15.1
41 26.4
Pc= 100 MPa
36 1.9
36 1.9
42 2.2
50 2.6
73 3.9
50 2.7
37 2.0
Eff. Pressure, Permeability, t
MPa m2 m2
SC1003
155
156
113
83
44
83
113
154
147
148
108
77
38
77
107
148
154
162
120
90
50
89
120
162
155
SC1006
156
1 5
113
83
44
83
114
830 K; Pe=100MPa
53 2.8
56 3.0
66 3.5
85 4.5
134 7.3
81 4.3
60 3.2
47 2.5
49 2.6
46 2.4
59 3.1
70 3.7
145 7.7
78 4.1
58 3.1
42 2.2
42 2.2
56 4.9
26 3.4
61 3.3
97 5.2
61 3.2
49 2.6
40 2.1
38 2.0
830 K; Pe=200 MPa
8 0.5
6 0.4
9 0.5
10 0.5
19 1.0
10 0.6
7 0.4
continued on next page
Eff. Pressure, Permeability,
MPa m2
Eff. Pressure, Permeability,
MPa m2
155
147
149
107
77
38
77
107
149
156
162
120
90
50
90
119
162
155
SC1018
157
129
99
44
100
130
157
148
100
37
99
149
155
162
101
51
99
162
156
31
32
32
37
46
68
42
34
28
26
19
29
34
45
30
23
18
19
830 K; Pc=0.1
94
102
127
181
104
84
66
73
95
191
87
63
66
59
82
137
83
58
55
1.7
1.7
1.7
2.0
2.4
3.6
2.2
1.8
1.5
1.4
1.0
1.5
1.8
2.5
1.6
1.2
1.0
1.0
MPa
5.0
5.4
6.7
12.3
5.5
4.4
3.5
3.9
5.1
10.1
4.6
3.3
3.5
3.2
4.4
7.2
4.6
3.1
2.9
155
147
149
107
77
37
77
106
150
155
161
121
89
50
89
118
163
154
SC1037
154
126
97
44
98
127
152
t
5
5
6
7
9
21
9
6
4
5
3
5
5
8
4
3
1
2
683 K; Pc=0.1
34
39
43
65
43
34
32
0.3
0.3
0.3
0.4
0.5
0.1
0.5
0.3
0.3
0.3
0.2
0.3
0.3
0.5
0.2
0.1
0.1
0.1
MPa
1.8
2.1
2.3
3.4
2.3
1.8
1.7
t,1
m 2
Sample T, Pressure, PL, iSI-D, 1, Crack- Pore- Total Porosity
K MPa mm-1  mm pM PM % % %
Untreated - - 5.3 ± 2.3 10.6 0.9 45.2 0.02 0.06 0.08
SC1003 830 100 7.1 i 2.3 14.2 1.7 - - - 1.92
SC1004 783 100 2.9 i 1.2 5.8 1.1 - 0.02
SC1006 830 200 2.8 t 1.3 5.5 0.8 34.9 0.04 0.03 0.07
SC1018 830 0.1 10.0 i 4.7 20.0 0.6 40.1 0.14 0.04 0.18
SC1037 683 100 4.6 1.3 9.2 0.8 - - - 0.46
Table 2.2: Summary of Experimental Conditions and Microstructural Parameters of
Surveyed Sioux Quartzite. The mean number of flaws per unit length of test grid, PL,
has been obtained from SEM imaging. The specific crack surface area, Sv is twice PL.
Also given is the geometric mean of observed apertures, 7b, and the geometric mean of
observed flaw lengths, 1, if determined. We distinguish between crack (length/width
> 10) and pore (length/width < 10) porosity determined by the ratio of the sum of
measured apertures and total length of test line.
Table 2.3: Crack Aperture Statistics of Sioux Quartzite.
Untreated SC1003 SC1004 SC1006 SC1018 SC1037
Flaw Aperture, 830 K; 783 K; 830 K; 830 K; 683 K;
pm 100MPa 10OMPa 200MPa 0.1MPa 10OMPa
0.1 - 0.5
0.5 - 0.9
0.9 - 1.4
1.4 - 1.9
1.9 - 2.3
2.3 - 2.7
2.7 - 3.1
3.1 - 3.5
3.5 - 3.9
3.9 - 4.3
4.3 - 4.7
4.7 - 5.1
5.1 - 5.5
5.5 - 5.9
5.9 - 6.4
6.4 - 6.9
6.9 - 7.3
7.3 - 7.7
7.7 - 8.1
8.1 - 8.5
8.5 - 8.9
8.9 - 9.3
9.3 - 9.7
9.7 - 10.1
10.1 - 10.5
10.5 - 10.9
10.9 - 11.3
11.3 - 11.7
11.7 - 12.1
12.1 - 12.5
12.5 - 12.9
12.9 - 13.3
13.3 - 13.7
13.7 - 14.1
0.350
0.166
0.099
0.064
0.042
0.035
0.035
0.032
0.014
0.021
0.023
0.016
0.007
0.012
0.012
0.005
0.004
0.004
0.002
0.009
0.007
0.004
0.002
0.000
0.004
0.004
0.005
0.002
0.004
0.000
0.002
0.002
0.000
0.000
0.149
0.135
0.095
0.077
0.063
0.049
0.060
0.054
0.034
0.034
0.037
0.026
0.017
0.026
0.043
0.009
0.017
0.009
0.009
0.006
0.009
0.006
0.000
0.003
0.000
0.003
0.000
0.000
0.003
0.006
0.003
0.000
0.003
0.003
0.232
0.225
0.106
0.042
0.056
0.049
0.021
0.028
0.014
0.028
0.021
0.021
0.028
0.000
0.021
0.021
0.007
0.007
0.000
0.007
0.014
0.007
0.007
0.014
0.000
0.007
0.000
0.000
0.000
0.007
0.000
0.000
0.000
0.000
0.324
0.195
0.114
0.088
0.092
0.015
0.015
0.011
0.022
0.007
0.007
0.015
0.011
0.007
0.004
0.007
0.004
0.007
0.007
0.007
0.000
0.000
0.000
0.004
0.007
0.004
0.000
0.000
0.004
0.000
0.007
0.004
0.000
0.000
0.400
0.182
0.093
0.069
0.048
0.067
0.018
0.022
0.010
0.009
0.015
0.001
0.001
0.007
0.006
0.006
0.004
0.001
0.009
0.001
0.004
0.004
0.003
0.003
0.003
0.000
0.000
0.001
0.001
0.001
0.000
0.000
0.001
0.000
0.373
0.181
0.083
0.064
0.039
0.054
0.005
0.034
0.020
0.020
0.005
0.034
0.000
0.005
0.005
0.005
0.010
0.015
0.005
0.015
0.005
0.010
0.000
0.005
0.000
0.005
0.000
0.000
0.000
0.000
0.000
0.005
0.000
0.000
continued on next page
Flaw Aperture,
pim
Untreated SC1003
830 K;
100MPa
14.1 - 14.5
14.5 - 14.9
14.9 - 15.3
15.7 - 16.1
16.1 - 16.5
16.9 - 17.3
18.5 - 18.9
18.9 - 19.3
19.7 - 20.1
Total length of
test line, mm
Total number
of intercepts
SC1004
783 K;
100 MPa
SC1006
830 K;
200 MPa
SC1018
830 K;
0.1 MPa
SC1037
683 K;
100 MPa
0.002
0.002
0.000
0.000
0.002
0.000
0.002
0.002
0.002
110
565
0.003
0.000
0.003
0.000
0.000
0.003
0.000
0.000
0.000
52
349
0.007
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
48
142
0.000
0.000
0.000
0.004
0.000
0.000
0.000
0.004
0.000
114
272
0.000
0.001
0.000
0.000
0.000
0.001
0.000
0.000
0.000
68
685
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
44
204
qojff - , --
Conditions of Thermal Treatment
Untreated SC1018 SC1006
Flaw Length, 830 K; 830 K;
y-M0.1 MPa 200 MPa
0.1 - 20.1 0.200 0.246 0.200
20.1 - 40.1 0.222 0.310 0.330
40.1 - 60.1 0.187 0.158 0.100
60.1 - 80.1 0.126 0.094 0.120
80.1 - 100.1 0.048 0.047 0.090
100.1 - 120.1 0.061 0.053 0.030
120.1 - 140.1 0.052 0.023 0.040
140.1 - 160.1 0.030 0.018 0.030
160.1 - 180.1 0.009 0.000 0.010
180.1 - 200.1 0.009 0.006 0.000
200.1 - 220.1 0.004 0.006 0.000
220.1 - 240.1 0.009 0.006 0.000
240.1 - 260.1 0.004 0.000 0.010
260.1 - 280.1 0.009 0.006 0.000
280.1 - 300.1 0.004 0.000 0.020
300.1 - 320.1 0.004 0.000 0.020
320.1 - 340.1 0.009 0.006 0.000
340.1 - 360.1 0.013 0.006 0.000
360.1 - 380.1 0.000 0.006 0.000
380.1 - 400.1 0.000 0.012 0.000
Total number
of flaws 230 171 100
Total area
sampled, mm2  5.5 3.6 4.8
Table 2.4: Crack Length Statistics of Sioux Quartzite.
Chapter 3
Effect of Semi-brittle Deformation
on Transport Properties of Calcite
Rocks
Synopsis'. We investigated the effect of mechanical deformation on transport properties
by deforming synthetic calcite/quartz aggregates to strains (e) up to 5 % at confining pres-
sures (Pc) up to 300 MPa and at temperatures (T) from 300 K to 873 K. Subsequently we
measured permeability (k) in a wide-range permeameter at effective pressures (Pe) of 15-
155 MPa and electrical conductivity (a) in an impedance measuring assembly over the same
pressure range at room temperature. The values of permeability and conductivity of the
undeformed material at Pe=100 MPa were 4x 10-18 m2 and 0.07 S/m. Samples deformed
at 673 K and Pe=200 MPa, or at room temperature and Pc=50-300 MPa, show small re-
ductions of permeability and conductivity: k and o- increased by up to 10 %. But, when
a sample was deformed at 873 K and Pc=200 MPa, electric conductivity dropped by one
order of magnitude and permeability dropped by 2 orders of magnitude. To assess whether
changes in length scales of the pore structure owing to deformation may account for large
variation in transport properties, we counted cracks and pores, measured their lengths and
widths, defined a damage parameter (a), and computed effective hydraulic and electric con-
'Published: Siddiqi, G., B. Evans, G. Dresen and D. Freund, Effect of semibrittle deformation
on transport properties of calcite rocks. J. Geophys. Res., 102, 14,675-14,778, 1997
ductivity using renormalization group methods. The undeformed rocks and the samples
deformed at low confining pressure have severe damage, appear to be close to failure, and
hence have high transport coefficients. Materials deformed at high pressures and tempera-
tures have lower flaw densities, connectivities, and transport coefficients after deformation.
We found that renormalization methods are suitable to model connectivity loss and large
changes in transport properties owing to changes in flaw density and length scales. Pore
connectivity and transport properties vary strongly during semibrittle deformation.
3.1 Introduction
The migration of fluids through low porosity rocks in the Earth's crust plays an im-
portant role for a wide variety of chemical and mechanical processes [60, 139, 27].
For example, the damage state in fault rocks governs both fluid flux and stability
of deformation along the fault [127]. The evolution of transport properties such as
permeability and conductivity is governed by changes in the pore structure [23, 165,
107, 54, 83, 162, 161, 163]. Some deformation processes, including generation of di-
latant shear zones, distributed microcracking [165] and thermal cracking [70], can
enhance porosity and pore space connectivity. Other processes, including hydrostatic
compaction [18, 41, 162], shear enhanced compaction [161], crack healing and dis-
location creep [162], [161], can decrease pore-space and may destroy connectivity.
Combinations of these processes may operate at a given set of physical conditions
(confining pressure, pore pressure, temperature and strain rate). Effective pressure,
temperature, and strain rate are the most important variables in determining the
mechanisms that produce damage during semi-brittle flow of mono-mineralic, low-
porosity, polycrystalline aggregates [116, 53]. The addition of a hard second phase to
a monomineralic aggregate tends to stabilize deformation and extends the range of
pressures at which semibrittle flow occurs [45].
Conventional relationships, like the Kozeny-Carman relation, between porosity
and permeability are often unsatisfactory for porosities (#) below 7 % [18, 22, 162, 163]
owing to large statistical variances in the aperture distribution of modeled fluid path-
ways. In particular, a higher order description of topology is essential to relate pore
structure to transport properties [24, 18, 142]. Flaw density and connectivity become
acutely relevant as porosity falls. When 4 is less than 4 % random network models pre-
dict vanishing transport properties depending on geometric constraints [128, 42]. In
experimental studies e.g., [18, 162] of densification of single-phase granular aggregates,
permeabilities drop below the measurement resolution possibly implying loss of con-
nectivity. However, in crystalline rocks, measurable permeabilities exist down to very
small porosities. Such observations illustrate that both transport properties and de-
formational behavior are more precisely characterized by microstructural parameters
that include pore geometry and connectivity than by porosity alone [98, 99, 61, 73].
To study the effect of mechanical damage on transport properties, we deformed
rocks under conditions that favored mechanisms ranging from microcracking and
associated grain sliding to twinning and dislocation creep. We measured the effect of
small strains on hydraulic and electrical conductivity and examined evolution of pore
structure and geometry by performing quantitative microstructural surveys.
3.2 Experimental Method
We produced two-phase marbles composed of 95(wt) % calcite with an initial grain size
(d) of 5 pm, and 5(wt) % quartz with grain size between 5-40 pm, uniformly dispersed.
The aggregates were prepared by hot-isostatically pressing (HIP) mechanical mixtures
of those two minerals at Pc=200 MPa and 873 K for 2 h. The marbles formed had a
porosity of 3-4 % determined by Archimedes' method for connected porosity, see also
[45]. We also estimated porosity for surveyed samples by calculating the ratio of the
sum of apertures and total test line length for total porosity. For each sample we
performed a sequence of mechanical, permeability, and conductivity tests. For room
temperature mechanical tests we cored and ground cylindrical samples 12.7mm in
diameter and 25.4mm long. For experiments at elevated temperatures, the sample
dimensions were 15.8 and 38.1 mm, respectively. All room temperature deformation
tests were performed on nominally dry samples encapsulated in Cu-foil [45], while
the elevated temperature tests were performed on dry samples enclosed in a copper
tube drained to atmosphere. In both cases, we assumed pore pressure to be zero,
and, hence, effective pressure (Pe) to be equal to Pc. All tests were performed at
strain rates of 3 x 105s-1 to a maximum strain (E) of 5 %. We explored confining
pressures of 50, 100, 200, or 300 MPa at room temperature and 200 MPa at 673 and
873 K (Table 3.1).
For the room temperature tests we measured axial and radial strain using foil
gauges. In the high temperature tests we inferred axial strains from the displacement
of the loading piston as recorded by a displacement transducer assuming homogeneous
displacement gradients. We did not determine volumetric strain for these samples.
Although the samples underwent only 5 % strain, it is likely that the strain was
not perfectly homogeneous. After deformation the samples were no longer parallel
cylinders; chipped ends accounted for variations in length up to 1.3 mm (IRE 8);
diameters varied by up to 0.15 mm along individual samples (IRE4) resulting in
uncertainties indicated by error bars in subsequent transport property measurements.
In the elevated temperature experiments we minimized cracking after the experiment
by maintaining confining pressure during cooling [59, 115].
Subsequent to deformation, cooling, and depressurization, we measured fluid per-
meability on samples saturated with distilled water. Measurements were made over
an effective pressure range of Pe = 15 to 155 MPa (mostly 80 to 155 MPa), using the
transient flow method [26]. First, we applied a high effective pressure; subsequently,
we lowered confining pressure in approximately 20 MPa increments while holding pore
pressure constant; and then we returned in increments to high Pc. We report only
data from the initial high effective pressure to Pe=80 MPa, because this is the range
where we obtained complete coverage for all samples. We followed Bernabe's [1987]
experimental method except that we used tygon jacketing with a wall thickness of
3.2 mm. The jacketing was impermeable to the confining pressure medium and flexible
enough at Pe=0.2 to 160 MPa to prevent flow past a smooth, impermeable aluminium
spacer. One sample (IRE6), deformed at Pc=50 MPa and room temperature to 5 %
strain, failed during a pressurization step for a permeability test.
Electrical conductivity measurements are useful for detecting changes in void space
and connectivity [107]. Dieter Freund of GFZ Potsdam measured electrical properties
with a Schlumberger Impedance Analyser (SI 1260) located at GFZ Potsdam over the
same effective pressure range as in the permeability test. After drying for two weeks
at 350 K, samples were saturated with a saline solution. We inserted the samples
and porous endcaps into two layers of impermeable plastic tubes. In the conductiv-
ity measurements, we used a 1 mKCl solution (conductivity, a, of 12.42 S/m) as an
electrolyte to reduce or eliminate the surface conductivity, and we obtained both the
real and imaginary part of the complex impedance by sweeping over frequencies of
100 Hz to 1 MHz. The pore fluid was maintained at ambient pressure, so that effective
pressure was equal to the confining pressure; measurements were made at room tem-
perature using a two-electrode configuration. In two-electrode measuring systems,
charge polarization at the two electrodes may result in a smaller apparent conductiv-
ity, especially for frequencies < 1 kHz e.g. [93]. To monitor changes in pore structure
owing to hydrostatic loading, we recorded the conductivity at a fixed frequency of
10 kHz until the sample reached constant conductivity (in all cases t < 2.5 h). Then,
conductivity was measured by sweeping the frequency from 100 Hz to 1 MHz within
1 min.
We examined microstructure of samples after deformation and measurement of
transport properties with a scanning electron microscope (SEM) using backscattered
electron imaging. The SEM samples were polished thick sections, milled in an ar-
gon ion thinner and carbon-coated, except for one undeformed specimen that was
saturated with low-viscosity Spurr epoxy. This sample did not require ion-milling
after polishing as surface damage was probably minimized by the impregnation [J.T.
Fredrich, pers. comm., 1994]. To quantify damage, we used standard stereological
techniques [146] to measure intercept line length (PL), apparent aperture (w), and
length (1) of cracks and pores (flaws) along test lines with total length of 1.5 x 103
to 3 x 103 pm. The measurements were taken in a raster of lines 300 to 500 pm
long, spaced 50 pm apart. This spacing was selected after we determined that the
maximum flaw length was approximately 40 pm. Wong et al. [1989] demonstrated
that apertures observed along random sections in the SEM are fairly close to the true
apertures. Depending on the number of flaws, we scanned between 7 - 13 x 10 3 Am 2
per sample; we take the area covered by 100 - 300 grains as the representative volume
element (RVE) on which to base our micromechanical and microstructural interpreta-
tion. Once we identified a flaw, we increased magnification to 10000x and measured
its apparent aperture along the traversing line. The cutoff of detectable apertures was
0.1 pm. For the length determination (not necessarily perpendicular to the raster)
we followed Hadley's [1976] suggestion that a crack may deviate up to 200 from its
trace and contain asperities a few times its apparent aperture. The distinction is
mostly convention, but micromechanical computations lend some justification to this
choice [62].
3.3 Results
3.3.1 Mechanical Data
In all experiments (Table C.1), deformation is stable with no localization up to strains
of 5 % (Figure 3-1a). The strength at e = 5% increased strongly with confining pres-
sure up to 200 MPa but less strongly above that pressure; it decreased with tem-
perature [116, 126, 53]. The sample deformed at low confining pressure showed the
greatest amount of dilatancy (Figure 3-1b) and supported a load well in excess of
the confining pressure. The sample deformed at Pc=100 MPa showed no net change
in volumetric strain with deformation while samples deformed at highest confining
pressures showed net compaction. The peak strength of the sample deformed at 673 K
was approximately equal to the confining pressure during deformation, while at 873 K
the strength was substantially less.
3.3.2 Permeability Data
Over the range of Pe=40-160 MPa the permeability of the undeformed sample varied
between 2 and 3 x 10-18 m2 (Figure 3-2). Increases in Pe above 80 MPa had only a
small effect on permeability. At the same effective pressure, the samples deformed at
Pc=50 and 100 MPa showed a net permeability increase over the undeformed sample.
Deformation at Pc=200 and 300 MPa at room temperature caused a permeability
reduction of approximately 30 % and 70 %, respectively. Deformation at 673 K and
PC = 200 MPa caused permeability decreases similar to that caused by deformation
at room temperature and Pc=300 MPa. But, deformation at 873 K decreased per-
meability to k = (2 - 3) x 10-20 M2 . We can not conclusively prove that sample to
sample variability is less than the observed differences in measurements. As shown
later, there is satisfactory agreement between the measurements and the microstruc-
tural observations, somewhat better reconcilable in the context of permeability and
deformation than in the case of conductivity and deformation.
3.3.3 Conductivity Data
To compare with permeability data, we determined conductivity as a function of
effective pressure (Figure 3-3). For all samples, conductivity decreased with increasing
effective pressure. Conductivities for most samples ranged from 0.17 - 0.11 S/m at
low effective pressures to 0.058 - 0.067 S/m at Pe=150 MPa. The conductivity of the
sample deformed at 873 K (IRE4), 6.1 x 10-3 - 3.7 x 10-3 S/m, was more than one
order of magnitude lower than an undeformed sample or than one that was deformed
at low temperature. All other samples showed an increase in conductivity compared
to an undeformed sample.
3.3.4 Scanning Electron Microscopy Observations and Mi-
crostructural Data
We made all observations in planes containing the loading direction but did not orient
the samples with respect to the loading direction. Microstructural measurements are
given in Table C.2, synthesized in Tables 3.1 and 3.2, for the undeformed sample,
samples deformed at Pc=100 MPa and 300 MPa and 300 K (IRE7 and IRE9 respec-
tively), and those deformed at Pc=200 MPa and 673 and 873 K (IRE5 and IRE4). For
all samples we assumed an isotropically distributed crack population [94, 45]. There
is no observable correlation between apparent aperture and flaw length in any of the
samples. Mean apertures do not change significantly owing to deformation except
possibly for the sample deformed at 873 K and Pc=200 MPa. Similarly, mean crack
length does not change (see Table 3.1) but remains at roughly the scale of the grain
size. But, it is important to remember that the cracks and pores are only observed
in the unloaded state. To determine the average spacing between two second phase
grains, we assumed that the quartz grains are uniformly dispersed spheres with a
volume concentration (p) of 5 % and a uniform grain size, d=20 pm; then the second
phase interparticle spacing (d) is -45 pm (d, = [(d/2) (27r/3p)0" - d]). Thus, the
mean crack length is closer to the grain size than to the mean free spacing of the
second phase particles (Table 3.1). To further constrain the surveyed microstructure,
we sorted the flaws (Table C.2) into length and width bins (Table 3.2), counted their
occurrence, normalized the counts to a unit area (S = 1 mm2 ), and computed for each
bin (i) the (geometric) mean length (1) and (geometric) mean of the width (D) of all
flaws in the length class (1). Two generalizations may be made: first, there are few
cracks shorter than 3 pm (20 % of the population for the undeformed aggregate but
generally well below 10 %); second, in all samples, except that deformed at highest
temperatures (IRE 4), cracks with an apparent length of 3-10 pm are most numerous.
We now turn to sample specific observations.
Undeformed Material. As shown in Table 3.1, the starting material has about
45 crack intercepts per unit length (PL=45mm-1). The crack surface area per unit
volume, Sv, is twice PL [146]. Porosity is mostly associated with interfaces between
unlike grains (Figure 3-4) and the microcracks seem homogeneously distributed. We
show a secondary and a backscattered image of the undeformed specimen to demon-
strate the difference between etched and truly cracked grain boundaries. We found
that backscattered images gave us better topographical resolution, allowed us to fo-
cus into grain boundary areas and hence to distinguish between etched and cracked
boundaries. Many cracks are between 3-10 pm in length with a geometric mean,
I = 8.93 i 8.04 pm (Table 3.1), but note the large variance in the sample population
(Figure 3-5 and detailed in Table 3.2). The number of intercepts increases with de-
creasing apparent aperture, in agreement with data from igneous and metamorphic
rocks [66, 59, 157]. For the undeformed material the total number of flaws (N) is
1.8x104 mm-2 (Table 3.2).
Deformed Material. Strain-accommodating mechanisms have significant impact
on flaw distribution and density. Deformation at Pc=100 MPa and room temperature
almost doubles the specific surface area Sv of flaws; but deformation at Pc=300 MPa
and room temperature decreases Sv by about 30 %. At constant confining pressure
of 200 MPa, PL decreases with increasing temperature and is reduced to 11 mm-1 for
samples deformed at 873 K. Note that PL for the sample deformed at Pc=200 MPa
and 673 K is comparable to that of the samples deformed at room temperature and
Pc=300 MPa. Significantly, the microstructure produced at the most severe tempera-
ture conditions has apparently survived cooling and depressurization despite the very
high thermal expansion anisotropy and plastic anisotropy at quartz-calcite interfaces
[59]. Mean flaw lengths do not change significantly after deformation, but the mean
aperture of flaws at 873 K and Pc = 200 MPa has decreased from about w = 0.6 pm
to w = 0.2 pim.
The number of flaws produced during deformation at room temperature decreases
with increasing pressure (N - 2.2x10 4 mm-2 at Pc=100 MPa; N - 7x10 3 mm-2 at
Pc=300 MPa; Table 3.2). At low confining pressure and low temperature, deformation
to e=5 % has a significant effect on the microstructure. For example, deformation at
Pc=100 MPa (IRE7) almost doubled the number of cracks with lengths between 3
and 30 pm (Figure 3-5) and biased the overall pore structure to be more crack-like
(Table 3.2) compared to the undeformed specimen. Note that there was no significant
increase in the number of cracks longer than 10 pm. It is possible that pore structure
is weakly anisotropic [45], but we did not test this hypothesis. Deformation at the
highest pressures (300 MPa) and at higher temperatures (673 K) resulted in a net
decrease in both the total number of cracks and in the magnitude of the transport
properties (Figure 3-5 and Table 3.2). The number of features counted was half that
of the undeformed. Again, cracks longer than 50 pm are absent. Despite the overall
similarity between IRE5 and IRE9, there are some second-order differences in the
crack populations; cracks in IRE9 are more peaked around 1=3-10 pm. The sample
deformed at higher temperatures, IRE5, has proportionally more short, pore-like
structures.
The most pronounced effect of deformation on microstructure is seen in sample
IRE4, deformed at Pc=200 MPa and 873K (Figures 3-4 and 3-5). The total num-
ber of features was radically decreased. In fact, the total number of cracks in the
sample deformed at 873 K is reduced almost by a factor of 10 to N ~ 2.4 x103 mm-2
(Table 3.2). Virtually all voids have apertures <0.3 ym. A few long cracks that
may be formed during the quench are present. Again, it appears that the bias on
microstructure introduced by cooling and depressurization is only of second-order.
3.4 Discussion
Our experimental data indicate that deformation within the semi-brittle field can have
highly variable effects on the connectivity and amount of available pore structure and
hence on the transport properties. Paterson [1983] and Walsh and Brace [1984] re-
analyzed Wyllie and Rose's equivalent channel model [158] and found that the ratio
of the relative effective pressure sensitivity of permeability, k and formation factor
(ratio of solution and saturated rock conductivity), F, are related by
S< dlnkdlnF < 3(3.1)
- dPe dPe -
The assumption of the equivalent channel model is that flow paths for hydraulic and
electric currents are identical and thus have the same tortuosity. The low effective
pressure effect in the permeability measurements already suggests that there is pore
space that is insensitive to Pe changes. The constraint on the effective pressure
sensitivity owing to the equivalent channel model is not fulfilled in any of our samples.
The sensitivities range from 0.20 (IRE7) to 0.99 (Undeformed). Modeling results [159]
indicate that the effect owes to pressure-insensitive pore structures, such as tube-like
throats and nodal pores [16, 17].
Alternatively, the interplay between transport properties and microstructure can
be modeled using renormalization group methods i.e., embedded network analysis
[98, 99, 100]. A similar approach has been used to model transport phenomena
in composite systems [1, 136, 133]. These methods have been used successfully to
describe brittle fracture [2, 3, 95, 96, 99] and electrical and hydraulic conductivity
[9, 10, 19, 74, 84, 98, 122, 133, 154]. In this section we adopt Madden's analysis
[98, 99, 100], largely because his study has had some success in predicting damage
state and transport properties of laboratory rock samples based on microstructural
measurements. Adler [1992] and Madden [1976] emphasize that renormalization group
approaches are successful because they are approximate models rather than approx-
imate solutions of a true model. We use a renormalization approach that assumes
a fixed network geometry to test the hypothesis that changes in flaw density and
flaw size distributions that include aperture and length may account for changes in
transport properties over many orders of magnitude. Guiguen and Dienes [1989]
proposed an alternative approach to model transport properties, assuming flaws to
be randomly distributed, penny-shaped disks; their treatment also incorporates the
effects of flaw density and interconnection.
3.4.1 Evolution of Damage
All cracks and pores are assumed to be square boxes and are arranged on the faces of
a cubic lattice. Transport and mechanical properties may be related through a dimen-
sionless microstructural density and connectivity parameter defined as [1/2(Nl 2 /S)],
where N is the number of flaws in the plane of observation (X-Y plane), 1 is their
length, and S is a unit area of 1 mm 2 [99]. Madden [1983] demonstrated that the flaw
density for any cut through a cubic lattice is close to that obtained by a principal cut.
Also, he investigated flaw densities for different polyhedra (i.e., lattice geometries)
and found the differences to be small. Hence we assume that we have a principal
section through a simple cubic lattice; ( is a length-weighted measure of flaw number
per unit volume and can also be viewed as the probability of finding a flaw of length
I on a cubic lattice. By choosing a spacing of individual lines of the raster larger
than max we assume that our individual flaw measurements are uncorrelated; ( is
then limited to fall between 0 and 1. In a loose sense, the pore structure undergoes
two phase transitions as new flaws are added. The first, at low (, is a transition
from hydraulically (or electrically) nonconductive to conductive; the second, at high
(, represents loss of mechanical competence. If cracks and pores are modeled as flaws
that are added to or removed from a geometric lattice, numerical values of ( for both
thresholds may be predicted. We may then view ( as a damage parameter varying
between 0 and the failure threshold. The failure and conductivity threshold depend
on the coordination number of the lattice (f aiure = 0.75 and Gconductivity = 0.25 for a
simple cubic lattice with a coordination number of 6 [1]). The values of ( for a con-
ducting, yet mechanically competent rock widen as the coordination number increases
[6, 1, 132]. We sorted the flaws into length bins (Figure 3-5 and Table 3.2), counted
their occurrence, normalized the counts to a unit area, S=1 mm2 , and computed for
each bin, i, the (geometric) mean length (f), mean width (iv-), and density parameter
&; (Table 3.2). In the undeformed material the contribution to ( of cracks with lengths
of 10-30 prm dominates the flaw distribution despite the relatively small numbers, ow-
ing to their length. In almost all the deformed samples, cracks with 3-10 Im are most
numerous, but longer cracks have a higher probability of occurrence, because of the
length weighting of . The damage parameter ( or overall probability of a flaw being
in place is a matter of joint probabilities [99]: going from length scale, i - 1, to length
scale, i, where i denotes the number of bin beyond the first, we iteratively estimate
the (length-weighted) flaw density ( and hence connectivity (Table 3.3) to be given
by
( 31+ ( (- i.(3.2)
We can not conclusively rule out flaw overlap, but the attempt to collect data in
an uncorrelated fashion should minimize overlapping flaws. Judged by its value of
(=0.80, the undeformed specimen appears to be close to failure. Deformation to
c=5 % at low confining pressures increases ( even further. In fact, assuming a cubic
lattice, we would predict that this sample had failed. However, as pointed out earlier,
we believe that the threshold ( for failure may actually be higher than 0.75 owing to
a higher coordination number. Deformation at the highest confining pressure and,
more importantly, high temperature tends to stabilize deformation and to drop the
flaw density.
At least two causes can be envisioned for the decrease in crack density and trans-
port properties when samples are deformed at high temperature. First, the deforma-
tion itself contributes to the destruction of pore structure. Second, pore structure
may be affected by pressurization, heatup, and quench when the sample is not un-
der an axial load. The PT conditions during pressurization, heatup and deformation
are similar to those used for fabrication, although the time duration of heatup is
less. Since cracks may be inserted during quench and depressurization [59, 113], it
is possible that some of the 10-30 pm cracks are formed at that time. However, it is
significant that the samples deformed at high temperature have lower permeability
and flaw density than the starting materials. The damage state ( can be related
qualitatively to the load and the mean pressure through a triaxiality ratio A*, defined
as the ratio of the stress difference (ai - a3 ) and the mean pressure ([1/3][a1 + 2a 3 ]).
The load supported by a material at particular conditions indicates the deformation
mechanism that operates. Hence the triaxiality ratio is useful to show the effect of
both confining pressure and temperature during deformation on the evolution of the
damage state of the pore structure (Figure 3-6). Allegre et al. [1982] proposed that
the damage state of intact material with no pore fluid present varies linearly with the
differential stress. On the basis of Figure 3-6, one might reinterpret their proposition
to say that to first order, ( depends linearly on the triaxiality ratio.
3.4.2 Effective Conductivity Evolution
We model changes in transport properties by viewing the aggregate as a nested, cubic
array of box-shaped channels whose dimensions are given by the geometric mean of
the length (1) and the geometric mean of the width (?D) of all flaws in the length
class (1). The electric conductivities of the channels depend on 'i/l and the hydraulic
conductivities depend on fD3/12I [44]. The dependence implies that variations in per-
meability are a much more sensitive indicator of changes in the pore structure than
electrical conductivity. However, for small changes in apertures but sufficiently large
changes in lengths we might expect a higher sensitivity from conductivity measure-
ments. Also, large variations in the damage parameter (that depends only on T) need
not necessarily imply large variations in the transport properties (that depend on 1
and fv). We suppose that flaws exist that our observations cannot resolve. Therefore
we assume a homogeneous background permeability and conductivity that is deter-
mined by channels of width 0.01 pm and length 9 pm. That length is approximately
the average flaw length that we actually observed, but the width is below the limit
of resolution on the SEM. We now introduce the conductors of the next bigger value,
which we compute from I and their associated fD. Their probability of occurrence are
the individual 6 listed in Table 3.2.
We compute the effective conductivity of the damaged solid using a series of
averaging and scaling steps in which the flaws are introduced in order of increasing
size. A more detailed description of the procedure is given in Appendix B. Once an
effective conductivity for a network of flaws of a certain size is computed, we introduce
the next more conductive phase and repeat the entire procedure. The averaging steps
account for different paths the current can take. The scaling steps are necessary to
include the effect of variable cluster size. We iteratively introduce all size classes
and finally obtain a value for the effective conductivity of the sample. Examples
of effective conductivities of simple cubic networks composed of bimodal conductor
distributions are shown in Figure 3-7.
We do not take into consideration the effect of an effective pressure on the aper-
ture and length distribution, because we are primarily concerned with the sample to
sample variability owing to deformation and less with the (modest) effective pressure
dependence of individual samples. We do realize, however, that not only will length
and aperture distributions of individual samples vary in a nonlinear fashion with in-
creasing effective pressure but also that the departure from linearity will vary from
sample to sample. We expect the pressure sensitivity of the pore structure to be most
important if cracks are the main constituent. Understanding the pressure variation
of transport properties is a complex problem [Gavrilenko and Guguen, 1989]. Here,
we are primarily interested in a first-order attempt to relate changes in transport
properties owing to semibrittle deformation.
The modeled trends in electrical and hydraulic conductivity compiled in Figure 3-8
agree with experimental observations (see also Table 3.2). At this point it is impor-
tant to recall that while the measured values were obtained over a range of effective
pressures, the modeled values are based on pore structure measurements obtained at
room pressure. Also, the measurements and our extrapolation to damage state and
transport properties will be affected by an effective pressure depending on details of
aspect ratios and absolute numbers of flaws. The undeformed sample and the sample
deformed at low confining pressure (IRE7) are the most conductive. Both have high
flaw densities. Based on our modeling we would even predict that samples with high
effective conductivities are so well connected that they are relatively insensitive to fluc-
tuations in flaw density and connectivity. Alternatively, the sensitivity of transport to
flaw density could also be affected by the addition 6f flaws in preferred orientations or
preferred positions as opposed to the isotropic addition we modeled here. For samples
deformed at higher confining pressure and temperatures, distributed microcracking
and grain sliding become less important as a strain-accommodating mechanism [58].
At lower flaw densities, transport properties may decrease by orders of magnitude.
The most significant changes occur during deformation in the plastic regime when
flaw density approaches the conductive transition threshold. Transport properties
evolve in response to loading histories and state variables. The microstructural evo-
lution will depend on the contributions of mechanisms that enhance or reduce flaw
density (Figure 3-8). Around the conduction threshold we expect largest gradients in
effective transport properties with respect to flaw density.
Fischer and Paterson [1992] and Zhang et al. [1994a,b] have observed similar
trends in the deformation of Carrara Marble. The average crack length and probably
( decrease with increasing effective pressure during room temperature deformation
experiments of Carrara Marble of Zhang et al. Permeability measured in situ after a
strain of 4 % at an effective pressure of 100 MPa [56, 162, 161] increased by 50 %, but
deformation to strains of 8 % at Pe=150 MPa and 200 MPa and temperature of 673 K
caused only slight changes. Note that Carrara Marble shows no compaction behavior
owing to its low starting porosity of 0.7%.
3.5 Conclusions
Changes in deformation mechanisms can have significant effects on the evolution of
transport properties during semibrittle flow. Variations in transport properties cor-
relate with changes in a damage parameter and with the observed size distribution of
aperture and length of flaws in the material. The effective pressure during deforma-
tion, the ratio of applied stress to mean pressure, and the initial pore structure have
significant effects on evolution of the microstructure as measured by (. Changes in
the length and width distributions of flaws have a significant effect on the connectivity
and transport properties of the sample. In particular, large variations in hydraulic
permeability and electrical conductivity may occur when deformation causes the loss
of connectivity. Conversely, changes in transport properties are a very sensitive indi-
cator for an evolving damage state of a rock. In the Earth the transport properties
of rocks probably will evolve toward higher transport coefficients for processes that
increase the damage state and vice versa for healing processes. We have used renor-
malization group methods that incorporate multiple length scales to test the hypoth-
esis that large variations in transport properties and loss of connectivity may result
from changes in flaw length as well as changes in vidth distributions. The geometry
of the pores and the crack network has a very strong nonlocal effect on transport.
For example, the addition of a few long flaws may cause large changes in transport
properties. Clearly, the mechanical and transport properties are not described well
by a single scalar variable of total porosity alone.
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Figure 3-1: (a) Differential stress (O1 -o-3) versus axial strain (Al/lo) for the synthetic
marbles. With the possible exception of IRE4 all sample apparently strain harden.
(b) Volumetric strain versus axial strain for IRE6, IRE7, IRE8, and IRE10; all at
room temperature (RT).
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Figure 3-2: Permeability of IRE samples versus effective pressure. (a) Linear scale.
At effective pressures larger than 60 MPa there is only a weak effective pressure de-
pendence for all samples. The data can be divided into three groups. The first group
comprises samples that have a higher permeability with respect to the undeformed
sample and IRE8, which was deformed at Pc = 200 MPa and room temperature. The
second group is composed of samples that have been deformed at room temprature
but at Pc = 300 MPa (IRE9 and IRE10) and at intermediate temperatures (IRE5).
This group show a 50 % reduction in permeability. The third class is the single sam-
ple deformed at high temperature and pressure. (b) Logarithmic scale. Deformation
at highest temperature causes permeability to drop by 2 orders of magnitude. Two
source of error are departures from cylindricity owing to deformation and uncertainties
in compressive storage determination. The resolution of the apparatus is 5 x 10-23 M2 .
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Figure 3-3: Conductivity of IRE samples versus effective pressure. Same symbols
as in Figure 3-2. The effective pressure dependence of conductivity is also weak at
effective pressures larger than 60 MPa but stronger than for the hydraulic permeabil-
ity. The data can be separated less clearly possibly owing to the weaker dependence
of electrical conductivity on aperture. Unlike permeability, electrical conductivity
increases for all samples, except for the one deformed at 873 K and Pc=200 MPa.
Apparent Aperture (pm)
10000
Length (pm)
10000
4000
Apparent
Aperture (i
Length (pm)
Apparent Aperture (pm)
OI
Length (pm)
10000
9m0
6000
4000
<00-
6100
Figure 3-5: Flaw statistics for selected samples. We sorted the observed flaws accord-
ing to their length and aperture, normalized the number of occurrences to a unit area
of 1 mm2. Each bin is characterized by a geometric mean length and width, which
enter into the modeling of the damage parameter ( and effective conductivity of the
material. Notice the decrease in number of flaws remaining in the samples as pressure
or temperature increases.
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Figure 3-6: The flaw density remaining after deformation appears to be linearly
related to the stress state during deformation, as characterized by A*, defined as the
ratio of the differential stress (o- - o3) and the mean pressure ([1/3][o1,+2- 3]). With
respect to the undeformed specimen (- = 0.80), damage accumulates only for the
sample deformed at lowest confining pressures (100 MPa) for which ( = 0.85. For
all other samples the damage state improves. A linear regression gives a damage
evolution equation of ( = 0.01 + 0.49A*.
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Figure 3-7: Model calculations of effective conductivity of a bimodal conductor dis-
tribution of 1 and either 10, 100, 1000 or 10000 versus the probability of occupancy of
the more conductive element on a cubic network. Also shown is a bimodal conductor
distribution with values of [0,5000] to show the onset of conductivity at the percola-
tion threshold (pc). If the damage state of the samples were exactly at the percolation
threshold, the effective transport property would follow a power law. Away from the
percolation threshold scaling results in a finite value of the effective conductivity. In
the neighborhood of pc, the error of our network calculation is largest (( = 0.21 com-
pared to the true threshold of 0.25). For ordered and random lattices the thresholds
depend on the coordination number. Mechanical integrity refers to the maximum
density of flaws at which a connected solid frame exists. The conductive properties
threshold refers to the minimum density of flaws at which conduction occurs.
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Figure 3-8: Comparison of (a) experimentally observed and (b) modeled effective
transport properties versus flaw density. The conductor values depend on the width
and length of flaws of a given size class. The dotted lines connect the hydraulic and
electrical data. With increasing damage the material becomes more conductive. Note
that observation of flaw sizes were done on unloaded samples, while experimental data
were collected at Pe=100 MPa.
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Sample Pe, T during Strength Permeability Conductivity A*
Name Deformation at e = 5 % Tests at Pe Tests at Pe 1/3-+21-)
(MPa, K) MPa MPa MPa
Undef'd - 155-20 5-150 0
IRE 6 50, 300 299 155 - 15 f ailed 2.00
IRE 7 100,300 357 155-80 5- 150 1.63
IRE 8 200,300 416 155-80 5-150 1.23
IRE 9 300,300 411 155 - 80 5 - 150 0.94
IRE10 300,300 410 155 - 80 5 - 150 0.94
IRE 5 200,673 208 155 - 80 5 - 150 0.77
IRE 4 200,873 70 155 - 45 5 - 150 0.31
Sample
Name
Crack
(%)
Pore
(%)
Total
(%) PL(mm-i) (Am)
w
(pmn)
Undef'd 1.21 1.67 2.88 45.0 i 9.3 8.9 ± 8.0 0.6 ± 0.8
IRE 6 - - -
IRE 7 1.75 2.20 3.95 84.0 ± 19.2 9.5 ± 7.0 0.6 t 0.9
IRE8 - - - - -
IRE 9 0.83 1.10 1.93 30.0 ± 5.9 9.7 ± 6.3 0.7 t 1.0
IRE10 - -- - -
IRE 5 1.10 2.69 3.79 36.7 ± 5.5 9.1 ± 5.5 0.8 ± 1.2
IRE 4 0.01 0.01 0.02 11.0 ± 4.5 11.9 t 9.9 0.2 i 0.2
Table 3.1: Summary of experimental conditions and microstructural parameters of
IRE samples. A* is a measure of the degree of triaxiality during deformation. We
distinguish between crack (length/width > 10) and pore (length/width < 10) porosity
determined by the ratio of the sum of measured apertures and total length of test line.
The mean number of flaws per unit length of test grid, PL, has been obtained from
SEM imaging. The mean void length, 1, and mean aperture width, iv, are geometric
means of all flaws that were surveyed.
Length Undeformed
N+Ny 1,@ Ji
(pm) (mm-2) (pm)
0.1-0.3 133 0.2,0.2 3 x 10-6
0.3-1 400 0.7,0.2 0.0001
1-3 3200 2.3,0.3 0.009
3-10 9067 5.5,0.4 0.138
10-30 4533 16.2,0.4 0.596
30-100 667 34.6,0.8 0.399
Total 18000 0.80
Length IRE7 (100 MPa, 300 K) IRE9 (300 MPa, 300 K)
Nx +Ny 1, fv- Nx+ Ny 1l,t v
(pm) (mm2) (prm) (mm-2) (prm)
0.1-0.3 - - - - - -
0.3-1 - - - 104 0.4,0.6 8 x 10-6
1-3 889 2.1,1.0 0.0021 313 2.9,0.8 0.0013
3-10 14667 5.9,0.3 0.255 4375 6.7,0.3 0.098
10-30 5556 15.4,0.4 0.661 2292 14.3,0.5 0.233
30-100 667 34.0,0.5 0.384 104 40.0,1.5 0.083
Total 21779 0.85 7188 0.37
Length IRE5 (200 MPa, 673 K) IRE4 (200 MPa, 873 K)
Nx +Ny 1, i tv Nx +Ny 1, v
(pm) (mm-2) (pm) (mm-2) (pm)
0.1-0.3 - - - - -
0.3-1 - - - 74 0.5,0.1 9 x 10-6
1-3 444 1.8,0.7 0.0007 370 1.8,0.4 0.0006
3-10 6333 6.3,0.4 0.125 815 5.8,0.1 0.014
10-30 2778 15.4,0.4 0.328 962 15.9,0.1 0.122
30-100 - - - 222 34.6,0.1 0.133
Total 9555 0.41 2443 0.25
Table 3.2: Total numbers and probabilities of finding a crack of a length class normal-
ized to a unit area of 1 mm 2 . Nx+NY denotes the number of features counted in the
(assumed principal) x-y plane. The bins have been chosen to allow direct comparison
to Hadley's [1976] data on Westerly Granite binned by Madden [1983]. Also given
are the (geometric) means of the length I and width iD of flaws in each bin.
Sample Flaw Dens. Eff.Elec.Cond. Eff.Hyd.Cond. Eff.Elec.Cond. Eff.Hyd.Cond.
Param. (oc 10- 3 S/m) (oc 10-20 M2) (10-3 S/m) (10-20 M2 )
(meas. (meas.
(unload.) (model.) (model.) at Pe=100MPa) at Pe=100MPa)
Undef'd 0.80 14.5 1741.2 59 t 5 256 t 47
IRE7 0.85 33.1 1713.1 78+t 6 390 ±66
IRE5 0.41 3.4 26.3 68 t 5 141 i 23
IRE9 0.37 2.8 7.2 73 t 6 157 ± 29
IRE4 0.25 1.3 1.9 4 ± 0.3 2 ± 0.3
Table 3.3: Damage state, modeled effective electric and hydraulic conductivities and
experimentally measured values. Note that the model is based on microstructural
observations that were made on an unloaded specimen, while the experimentally
determined values were collected at an effective pressure of 100 MPa.
Chapter 4
Evolution of Densification Behavior
in Calcite-Quartz Marbles During
Hot-Isostatic Pressing
Synopsis. We performed a series of hot-isostatic pressing (HIP) experiments on cold-pressed
aggregates composed of varying amounts of calcite and quartz. The goal of the study was to
evaluate whether any remaining porosity after densification affects subsequent deformation
of two-phase aggregates. We focus on one particular set of HIP conditions, which makes
the presentation somewhat technical. A full characterization of the HIPing process and
mechanisms requires more experiments at different conditions. However, densification sets
the stage for subsequent deformation experiments. Also, we document some interesting
effects in the porosity evolution of high quartz content mixtures. We monitored densification
by measuring length changes during HIP and changes in the amount of connected porosity.
After cold-pressing into a metal can with an uniaxial stress of 200 MPa, powder mixtures
had an initial porosity of 25-30 %. All mixtures have been HIPed at a temperature (T) of
1075 K, confining pressure (Pc) of 300 MPa, argon pore pressure (P,) of 50 MPa for 2 h. For
pure calcite T was 975 K. Substantial amounts of porosity reduction occurred during heating
and pressurization to the ultimate HIP conditions. For material with no or 5 % densification
was complete after HIP. Mixtures with 10 and 20 % dispersed quartz retained small amounts
of unconnected porosity, while those with 30 and 40 % quartz gained up to 5 % unconnected
porosity after HIP. At the same time, densification rates of connected porosity remained
high. The study demonstrates that a framework of a strong phase effectively shields pockets
of weak matrix material from densification. Subsequent deformation tests had substantial
amounts of deformation enhanced compaction for those specimens with high amounts of
porosity after HIPing.
4.1 Introduction
Hot-isostatic pressing (HIPing) is an efficient way to produce controlled, homogeneous
and dense geologic materials from powdered starting material. HIPing has been
utilized to study topics such as grain growth [111, 148], effect of densification on
transport properties [18, 162] or rheological behavior of polycrystalline aggregates [37,
82, 29]. The underlying assumption is that densification owing to HIPing results in
microstructures observed in low-porosity rocks [112]. During HIPing of monomineralic
aggregates sintering assisted by a confining pressure removes the bulk of porosity
[162, 145]. A commonly employed model [153, 6, 140] for porosity evolution separates
the densification process into a cold compaction stage, during which densification
is accommodated by a combination of particle rearrangement, fragmentation and
plastic flow. During densification particle coordination continuously increases [6].
Pore structure evolves towards cuspate pores [140]. Densification rates depend on
the applied effective pressure acting on contact areas of grains. During the primary
stage, grains are angular and fragmented [32, 38], the later stages are characterized by
ridges and channels along grain boundaries and mobile spheroidal pores that coarsen
during densification [140]. Bernabe et al. [1982] interpreted their measurements of
porosity and transport property evolution to indicate growth of unconnected pore
space in the late stage of densification, while connected porosity seemed to decrease.
Their suggestion was verified by direct measurements on densifying monomineralic
calcite aggregates [162]. Also, if liquid is present, solution-precipitation processes
may be highly efficient in porosity removal [37, 38]. After HIP, final density of a
monomineralic aggregates is generally well above 90 % of the ideal density.
The addition of a strong second phase retards densification rates, without changing
the underlying densification mechanisms [89, 20]. If the volume concentration of the
second phase is large, a connected framework may form that protects void space
during the densification [89]. Of course, any remaining porosity will greatly influence
deformation behavior [46] or transport behavior [H. Milsch, personal communication,
1996]. To monitor the amount of void space removal during densification we have
HIPed synthetic aggregates comprised of 0, 5, 10, 20, 30 or 40 (wt) % quartz (strong
phase) dispersed in a soft calcite matrix. The volume fractions are similar with the
largest difference for the 40 (wt) % mixture which corresponds to a 41 (vol) % mixture.
We will not differentiate between the two terms owing to similar densities of the
constituent phases. The HIPed aggregates were subsequently deformed to evaluate
the contribution of creep-enhanced compaction to hardening of calcite-quartz marbles.
We did not perform any microstructural analysis.
4.2 Experimental Method
Sample Material. We conducted our experiments on synthetic two-phase marbles
composed of calcite and quartz that were hot-isostatically pressed in a number of dif-
ferent ways1. We concentrate on the method MIT-2. The material was produced from
mechanical mixtures of reagent-grade CaCO 3 (Analytical Reagent, Malinckrodt), and
varying amounts of dispersed quartz particles, either 5, 10, 20, 30 or 40 (wt)%. Before
any pressing the grain size of the calcite powder was 5ptim [45]. The quartz powder
'We distinguish 4 methods: ETH-1: Pure calcite aggregate hot isostatically pressed at 523 K and
PC = 187 MPa for 3.5 h. Samples were cored from can, not ground but inserted in Cu sleeve and
HIPed for 2 h at 823 K and PC = 300 MPa and another subsequent HIP at 873 K and PC = 300 MPa
for 1h.
MIT-1: Material is uniaxially cold pressed into a Cu-sleeve in a split die at 200 MPa. The HIP
protocol is similar to ETH-1: 2 h at 823 K and PC = 300 MPa and another subsequent HIP at 873 K
and PC = 300 MPa for 1h.
MIT-2: Material is uniaxially cold pressed at 200 MPa intb Fe-sleeves using a split die. In case of
pure calcite aggregates we used Cu-sleeves. The sleeves were HIPed at ~ 1075 K, PC = 300 MPa, Pf
= 50 or 0 MPa for 2 h prior to deformation. For pure calcite aggregates the HIP temperature was
~975K.
IMT-2: Commercially HIPed material: HIP at 850 K and PC = 207 MPa for 2 h. Sometimes material
was re-HIPed at MIT-1 or MIT-2 conditions.
had a D97 of 20 pLm (G. Dresen, written communication [1994]) and was derived from
Ottawa Sand (U.S. Silica). Using a split-die cylinder we cold pressed powders into
a hollow cylindrical Fe shell with a uniaxial stress of 200 +20 MPa. For pure calcite
aggregates we used Cu shells. Up to 5 cold presses were applied to stack individual
pellets to form a cylindrical green body of 10.8 mm in diameter and lengths varying
from 18 to 22 mm. We determined porosities (#) of the green bodies by measuring the
dimensions in their shell. Green body porosities increased with second phase content:
25-26 % for pure and aggregates with 5 % quartz; mixtures containing 10 % quartz
had # = 26 - 28 %, those with 20 % quartz had # - 28 % and the 30 and 40 % quartz
aggregates had initial porosities of 30 and 31 %. We estimate the error in any poros-
ity determination to be +15 % of the reported value. Porosities are heterogeneously
distributed owing largely to die wall friction and porosity discontinuities across indi-
vidual pellets that make up a specimen. After vacuum drying at 380 K for at least
12 h, the shells were subsequently hot-pressed at 1076 t 3 K and 300 MPa confining
pressure (Pc) vented to the atmosphere for 2 hours. To minimize grain growth we
HIPed pure calcite aggregates at T-975 K [148]. Since we ran deformation exper-
iments immediately after HIP we did not determine post-HIP porosities. Lack of
knowledge of final porosities introduces substantial uncertainties into discussions of
densification runs. The HIP conditions allow porosity removal, while avoiding the
formation of wollastonite during the time span of an experiment [H. Milsch, personal
communication, 1996].
HIP Procedure. We adopted the following protocol for hot-isostatic pressing: first
we applied a Pc = 240 +10 MPa and then raised temperature at 15K/min to the
HIP temperature. The confining pressure medium rose to 300 MPa once final HIP
temperature was reached. To document densification we also HIPed aggregates at
Pc=300 MPa with non-reacting argon as pore fluid at a pressure (Pp) of 50 MPa (Fig-
ure 4-1). The samples communicated at the upper end through a split A12 03 spacer
with a pore pressure reservoir to which is attached a motor driven P, generator (volu-
mometer) (Figure 4-2). The pore pressure generator consists of a pore pressure vessel
into which a piston is inserted. The piston is driven by a motor, which allows the
experimenter to drive the piston in and out of the pore pressure vessel. Large volume
changes can be achieved by moving the piston. Conversely, one can prescribe pore
pressure in the entire pore pressure assembly to -be maintained at a set value. In
this case a pore pressure transducer that measures the pore pressure is in a closed
control loop driving the stepper motor, causing motion of the piston necessary to
keep pore pressure at the set value. We prescribed P, to be 50 MPa. By moni-
toring the travel of the volumometer piston we measured changes in the connected
porosity (A4c). The minimum volume change we resolve is 1.4 x 10- 0 m 3 , which
corresponds to porosity change of less than 8x10-3% / for a standard sample volume
of 1.5 x 10-6 M3 . Additionally, we applied an end load of 3 MPa to monitor length
changes during heat-up, pressurization and the duration of the isothermal HIP. As-
suming isotropic compaction, total, connected and unconnected, porosity (A4t) may
be computed from linearized volumetric strain (3A1/l). In all controlled densification
runs we report data after specimen temperature exceeded 600 K. At this temperature
compactive processes outperform thermal expansion of the assembly as inferred from
length changes. Confining pressure changes caused a drift in the applied load. We
occasionally retouched the sample during pressurization to ensure that the applied
load remained negligibly small compared to its strength. We suppose that thermal
gradients across in the sample assembly have stabilized after 900 s at HIP temperature
and consider this to be the onset of the isothermal HIP [162]. Also, during heat-up
the measured length changes give a lower bound on the porosity reduction owing
to thermal expansion of the assembly, although compaction is larger than thermal
expansion from T-~ 600-650 K upwards. Once temperature has equilibrated at HIP
conditions, we monitor changes in connected porosity (Aoc) and total porosity (A4t)
and interpret the difference between (Aqt) and (Aoc) as the change in unconnected
porosity (O45 ).
4.3 Results of Hot Isostatic Pressing
The rate and amount of porosity reduction is strongly influenced by second phase con-
tent, initial porosity, pressure and temperature. In all mixtures substantial porosity
reduction occurs during pressurization and heating to 600 K, but the exact amount
cannot be quantified. During heating from 600 K to the ultimate HIP temperature
and pressure the porosity reduction in pure material and 5 % material is on the order
of 5% (Figures 4-1 and 4-3). In all other cases porosity is reduced by - 10 % (Fig-
ures 4-4 - 4-9). Note that Figures 4-4 - 4-6 represent three different densification runs
on 10 % material. Note that compaction during heating to ultimate HIP tempera-
ture and pressure is not very reproducible. Since densification rate depends on the
instantaneous amount of porosity in the material e.g. [153], it is difficult to isolate
the effect of second phase content on relative rates at a given time. In all cases densi-
fication rates decrease with time. Densification proceeds at a significantly slower rate
for material with 0, 5 and 10 % quartz presumably owing to lower initial porosities
at the onset of the isothermal HIP. #t changes only by small amounts: Ao ~ 1 %.
For these samples AOc is of similar magnitude and hence, A#5, is small; at most 2 %
for the 5 % quartz case and about 1% in the pure and the mixture with 10 % quartz.
The low values suggest that densification is nearly complete when HIP conditions are
reached. The suggestion is consistent with later observations of only small amounts
( 1 %) of deformation induced compaction.
During isothermal HIP, #t changes substantially in material containing 20 % and
higher amounts of second phase. The change in #c is even stronger. In all cases
Aot ~ 2 - 2.5 %, but AOc increases with second phase content: Ac - 4 % for mix-
tures with 20 % quartz and A ~,- 9 - 13 % for the 40 % material (Figures 4-7 - 4-9).
It follows that the change in unconnected porosity is also related to the amount of
quartz: Aq# ~,- 1.5, 7.5 and 9.5 % for mixtures containing 20, 30 and 40 % quartz.
In subsequent deformation runs there is significant densification during deformation,
more so in the 40 % than in the 20 % case. The amount of deformation induced com-
paction during subsequent deformation runs correlates with quartz content: generally
a minimum of -- 2% for 20 % and at least 10 % for 40 % mixtures.
4.4 Discussion
At a given temperature or time, densification rate and mechanism depend strongly on
current porosity e.g.[32]. Cold-uniaxial pressing resulted in green density variations
that correlated inversely with second phase concentration. Substantial amounts of
compaction during pressurization and initial stages of heating ( 600 K) occurred
in the mixtures with no or small weight fractions of second phase. The primary
stage of HIPing is very efficient for those mixtures. The initial stage concludes fairly
early during heat-up for pure calcite and mixtures with low weight fractions of quartz
( 10 %). Before final HIP temperature is reached densification rates slow down
appreciably for pure calcite and those mixtures containing 5 and 10 % quartz. The
deceleration is consistent with the suggestion that the effect of mean pressure in the
matrix material is diminishing owing to growth of grain-grain contact areas, increasing
particle coordination number and the production of closed porosity [32, 6,140]. Total
(Aqt), connected (Aoc) and by inference unconnected porosity changes, L#$, remain
small during the isothermal HIP stage, generally < 1 %. The measurements are
consistent with final stages of densification being well under way and almost complete
porosity removal having occurred before the onset of isothermal HIP [32, 162].
The densification behavior during isothermal HIP is significantly different for cal-
cite matrices that contain 20, 30 and 40 % quartz. The green density is consistently
lower than that of low weight fraction mixtures, and, it appears that initial densities
remain low during the undocumented pressurization stage and initial stages of heat-
ing (< 600 K). Pressurization and heat-up above 600 K remove substantial porosity.
The primary stage of HIPing is similarly effective compared to pure or low weight
fraction mixtures. Here too, the heating stage is very effective in removing porosity.
We can not assess whether the amount removed 'is smaller than in the low weight
fraction mixtures, although measured changes are larger. The isothermal HIP stage
is characterized by continuing decrease in total porosity. Since we can not compare
the densification behavior at a fixed porosity, it is difficult to differentiate between
individual rates. A significant departure from the densification behavior of monomin-
eralic aggregates is the strong growth of unconnected porosity A#2 presumably at
the expense of connected porosity #c. We interpret the decrease in #c and hence the
growth of unconnected porosity characterized by positive A#,,/At to be shielding of
the matrix by a load-supporting framework of SiO 2 [89]. The framework supports high
mean stresses and isolated pockets of high matrix porosity develop. The higher the
weight fraction of quartz, the larger the shielding effect on the matrix and the larger
the amount of porosity retained. The transition to a contiguous 3-D network bridg-
ing the composite occurs at -20-35 % quartz content [89, 1]. Substantial amounts
of deformation induced compaction observed in later deformation experiments are
consistent with this interpretation (see subsequent chapter 5).
4.5 Conclusions
Densification behavior is affected by the presence of a strong second phase. For
our HIP conditions, PC = 300 MPa, P, = 50 MPa at T = 1076 K for 2 hrs with
heating rates of 0.25 K/s, mixtures with up to 10 (wt) % quartz densify much like pure
calcite aggregates. However, mixtures containing 20 or more (wt) % of quartz display
less compaction during pressurization and heat-up, a decrease in total porosity as
measured by length changes, more substantial drops in connected porosity, and a net
increase in the amount of unconnected porosity. The increase in unconnected porosity
may owe to significant shielding of the matrix by a stiff framework of contiguous
quartz grains. Our observations are in agreement with previously reported sintering
and densification behavior of metal-metal and ceramic-metal composites.
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Figure 4-1: Porosity evolution of pure calcite aggregate. Pure material was heated
at 15 K/min to HIP temperature of 976 K at Pc=300 MPa, P,=50 MPa for 2 hrs.
Change in total porosity, Aot, inferred from length changes during densification as-
suming isotropic compaction. Connected porosity change, Aoc, measured by moni-
toring volume changes necessary to maintain pore pressure constant. Unconnected
porosity, A42, interpreted to be the difference between A4t and Aoc. Also plotted
is the Temperature-time curve. Thermal equilibrium is established 900 s after HIP
temperature is reached. Slow densification rates and associated small changes in AO,
suggest that densification is fairly complete once peak temperature is reached.
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Figure 4-2: Sample Assembly. The powdered aggregate is cold-pressed into a Fe/Cu
shell, inserted into the Fe-tube that protects the sample assembly from the confin-
ing pressure medium. An externally applied pore pressure controlled to be 50 MPa
communicates with the sample through a split spacer. Pore collapse and removal will
cause the amount of connected pore volume in the entire pore pressure assembly to
decrease. If the volume of the pore pressure were fixed, P, would increase. However,
a motor-driven piston located far away from the specimen changes the volume to
balance any pressure increase.
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Figure 4-3: Porosity evolution of calcite aggregate with 5 (wt) % quartz. Note that
HIP temperature is 1076 K. Direct measurements of A4t and AOc reveal porosity
reduction of ~,1%. Unconnected pore space grows slightly at the expense of both,
total and connected pore structure. Densification appears to be in the final stages.
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Figure 4-4: Porosity evolution of calcite aggregate with 10 (wt) % quartz. Comparison
of repeat runs demonstrate the repeatability of the isothermal HIP curves and the
very strong sensitivity of compaction during pressurization and heat-up. In all 10 %
quartz curves, porosity change during isothermal HIP is small, suggestive of late
stages in the densification process. Occasional zero rates during heat-up and HIP
reflect re-touching events during which A4t and hence Ao4, were not determined.
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Figure 4-5: Porosity Evolution of calcite aggregate with 10 (wt) % quartz. Com-
parison of repeat runs demonstrate the repeatability of the isothermal HIP curves.
Occasional zero rates during heat-up and HIP reflect re-touching events during which
A4o and hence A, were not determined.
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Figure 4-6: Porosity Evolution of calcite aggregate with 10 (wt) % quartz. Compar-
ison of repeat runs demonstrate the repeatability of the isothermal HIP curves, but
amount of compaction varies strongly during heating and pressurization stage.
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Figure 4-7: Porosity evolution of calcite aggregate with 20 (wt) % quartz. During
isothermal HIP there is significant unconnected porosity growth inferred from the
difference in change of total porosity and connected porosity removal.
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Figure 4-8: Porosity evolution of calcite aggregate with 30 (wt) % quartz. Substantial
amounts of connected porosity are transformed into unconnected porosity, while total
porosity changes are ~-2%.
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Figure 4-9: Porosity evolution of calcite aggregate with 40 (wt) % quartz. Growth of
unconnected porosity at the expense of connected porosity appears highly effective.
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Chapter 5
Evolution of Strength and
Hardening Behavior in
Calcite-Quartz Marbles
Synopsis. Kinematics and dynamics of polyphase rocks are largely controlled by relative
strengths, distribution, volume fraction, size and shape of constituent minerals. We pro-
duced synthetic calcite-quartz marbles with up to 40 (wt) % quartz which we deformed at
temperatures (T) ranging from 875 to 1075 K at strain rates from ~10-5 s- 1 to ~10-3 s-1
and effective pressures between 200 and 300 MPa. For the case of a weak calcite matrix
strengthened by strong quartz inclusions we delineated a plastic deformation field at ex-
perimental conditions. We deformed samples in compression and extension and observed
significant strengthening even with small additions of second phase. When deformed at
identical conditions, adding 5 % quartz doubles steady state flow strength, adding 20 %
quartz increases strength by up to 6x over that of pure calcite marbles. Deformation in-
duced compaction affects initial hardening behavior until creep compaction rates are small.
For material with 30 % quartz or more we do not observe steady state flow, but continuous
compaction. For mixtures with less quartz we generally observe steady state flow after
compaction has ceased. Assuming a power-law description for the rheology, we determined
apparent stress exponents (n) and activation parameters (Q) for the fully plastic regime.
For example, at T=1075 K n apparently increases from 4 for pure aggregates to 17 for
mixtures with 20 % quartz. For a given mixture, n decreased with increasing temperature.
Similarly, Q, determined over a range of temperatures from 875 to 1075 K, appeared to
increase from 180 kJ/mol for pure calcite aggregates to 665kJ/mol for mixtures with 20 %
quartz. Assuming constant quartz grain size, flow strength was found to depend inversely on
interparticle spacing or volume fraction. A simplified model calculation based on Eshelby's
method indicates that stresses and strains are heterogeneously distributed and that hard-
ening rates based on compatibility requirements of plastic misfit strains overpredict actual
measured hardening rates Efficient relaxation processes such as inclusion fracture/creep,
interfacial sliding, cavitation, dislocation motion, diffusion and recrystallization are likely
to operate.
5.1 Introduction
Tectonic loading affects geological structures on all scales. Kinematics of shear zones
inferred from observations of stiff particles in a matrix [138], boudinage and folding
[125] or the nucleation of shear zones [110] and deep earthquakes [92] are thought
to depend on relative amounts and strengths of constituent phases of rocks. At the
core of many geodynamic models of lithospheric and asthenospheric deformation are
experimentally determined flow laws of monomineralic aggregates [49, 105]. In addi-
tion, large scale mechanical response of the crust is governed by the strength of the
lithosphere [137, 85] and the state of stress [166]. It is likely that the mode of defor-
mation of a polyphase rock will be different from that of monomineralic rocks under
identical loading conditions. Experimental studies on deformation behavior of chem-
ically inert polyphase materials show that the flow strength of a polyphase aggregate
strongly depends on volume fraction and relative strengths of the constituent phases
e.g.[124, 80, 46]. A major goal of theoretical efforts has been to express the flow be-
havior of a polyphase aggregate in terms of volume averages of its constituents [144],
incorporating micromechanical aspects [67, 77] or including quantitative descriptions
of phase distributions [21]. Recently, Dresen et al. [1996] performed a series of de-
formation experiments at a temperature of 873K and a strain rate of 3x 10 5s-1 on
quartz-calcite marbles. They suggested that adding a stiff second phase to a soft ma-
trix causes significant strengthening. Also, the strain necessary to establish steady
state flow stress was found to increase with second phase content. Lastly, their ob-
servations indicated that porosity reduction affects hardening rates. In this study we
systematically explore the mechanical behavior of aggregates made up of the same
constituents as had been used in the study of Dresen et al. [1996]. The material is
composed of a power-law matrix (calcite) reinforced by a stiff second phase (quartz).
We report mechanical data of a series of deformation experiments on single-phase
calcite and two-phase calcite/quartz synthetic rocks in compression or extension.
5.2 Experimental Method
Deformation Apparatus and Experiments. We conducted all hot-isostatic pressing
and deformation experiments in a servo-controlled internally heated gas-medium ap-
paratus [118] (Figure 5-1). The loading geometry in the apparatus has cylindrical
symmetry. A confining pressure (Pc) is applied by compressing argon gas that sur-
rounds the specimen, typically with a length of 20 mm and diameter of 10 mm. An
Fe tube encloses a column made up of a centrally located sample and associated up-
per and lower ceramic spacers (Al 2 03 and PSZ - partially stabilized zirconia). The
confining pressure acts on the entire exterior surface of the tube enclosing the sample
column. Pc serves to shut all open spaces and gaps in the sample column. For the
experiments it was essential to prevent any communication between the confining
pressure medium (argon gas) and the pore pressure (Pp) medium (either air or argon
gas). A pore pressure is introduced by means of center drilled spacers that are con-
nected to a pore pressure reservoir through thin metal tubing (Figure 5-2). Inserted
into the pore pressure reservoir is a piston whose motion changes the volume within
the reservoir. The piston is driven in or pulled out by a stepper motor. The assem-
bly of pore pressure reservoir and motor driven piston constitutes the pore pressure
generator (volumometer). In general, pore pressure within the sample and jacketing
tube is less than confining pressure. The sample is heated by a series of molybde-
num windings through which a large electrical current passes. The metal windings
constitute the furnace, which - when properly tuned - provide a temperature stable
to within 2K across the sample for the duration of an experiment. The furnace is
designed such that there exist very steep axial temperature gradients away from the
sample.
Once temperature, confining and pore pressure are equilibrated, samples are
loaded axially either in compression or extension by a piston that advances with
an upward (compressive) or downward (extending) motion from below into the sam-
ple [130]. The top of the specimen is fixed to the top of the pressure vessel across
which no displacement is possible. Thus, principal strains are aligned with the prin-
cipal stress directions. During an extension test, the largest stress is that induced by
the effective pressure (Pc-Pe). As long as applied loads are such that any extensive
stresses in the specimen-spacer column are not larger than the effective pressure, gaps
in the sample column remain shut. The application of extensional stresses allows the
experimenter to sample a very large mean stress range. Large mean stress variations
are important in pressure sensitive deformation mechanisms [116] and some crystal
plastic deformation mechanisms [43].
An axial actuator causes the piston to travel through a series of pressure sealing
O-rings towards (compression test) or away from (extension test) the specimen. Once
the advancing piston touches a sample most of tlie displacement is partitioned into
the sample causing permanent deformation while the remainder of the column, the
advancing piston and the loading frame are only elastically distorted. An applied load
also causes distortion in two particularly well-characterized sections of the loading
column, an internal and an external load cell. Unlike the external load cell the
internal load cell is located within the pressure vessel and experiences neither resistive
frictional forces exerted by the O-rings nor any changes in shape owing to confining
pressure variations. The resolution of the internal load cell and data acquisition
system limit the precision in stress measurement to 0.05 MPa. In practice, however,
uncertainties in accuracy of up to 3 MPa result from hysteresis in the internal load
cell zero of compression and extension. Uncertainties are positively correlated with
the load applied on specimen but are smaller in magnitude than the reproducibility
of experiments. Thus, there may be real variations in sample to sample strength,
and we take the reproducibility to be the limiting factor in the precision of our
experimental measurements. Yield points and subsequent hardening behavior are
difficult to characterize owing to the non-linear compliance of the loading frame at
low loads and differing compliances of the frame in compression and extension.
Displacements of the piston and by inference within the sample are recorded with
calibrated linear variable direct current differential transducers. We are able to mea-
sure displacements of 0.3 pm of the loading piston, which when converted to axial
strain in a 20 mm sample correspond to 1.5x 10~5 strain. In practice, the accuracy is
limited by irregularities on the end faces of cylindrical samples.
We set up the pore pressure generator to maintain pore pressure at a constant
value. From the piston travel we can infer volume changes necessary to keep pore
pressure fixed. The product of cross sectional area of the piston and minimum resolv-
able travel of the volumometer piston is the minimum volume change we can register.
Over the range of pore pressure and temperature, we resolved volume changes of
1.1-1.4x10-10 iM3 , which on a standard specimen size of 20 mm length and 10 mm di-
ameter correspond to ~, 1 x 10-2 % volumetric strain. During an experiment, however,
a characteristic frequency of the heated furnace limits resolution to ~4x 10-2%.
We studied the strengthening of a calcite matrix, deforming in the power-law
regime, by a chemically inert strong second phase (quartz) [71, 134, 148]. We char-
acterized the rheological behavior by performing --,200 load-displacement tests and
a series of hot-isostatic pressing runs on ~ 50 different specimens. Most of the ex-
periments were constant displacement rate tests in compression or extension carried
out immediately after samples had been HIPed (Table 5.1). Strain rates varied from
1x 10-5 to 3x 10- 3 s-1; temperatures ranged from 873K to 1076K at Pe=200, 250
or 300 MPa. We used the extension assembly to strain (E) a sample to Ei+5 % in each
of at most 6 cycles of compression and extension. During most experiments (partic-
ularly those HIPed at T~-1075 K, Pc=300, P,=50 or 0 MPa for 2hrs) we performed
an initial 'standard' compression/extension deformation cycle by straining to i 5 %
at 3 x 10-5s- 1. We repeated the first deformation cycle at the end of an experi-
ment to document any history effects. For pure calcite aggregates, we followed the
same procedure except that T-~975K during HIP and first/last cycle. Raw data of
load and displacement versus time (Figure 5-3) were converted to stress-strain curves
assuming constant displacement gradients and stress distributions using appropriate
machine calibrations and jacket strength corrections. We have not fully corrected
for the non-linear compliance of the loading frame in extension owing to a lack of
calibration material. To a first approximation we have extrapolated the behavior in
compression to extension. When we report hardening behavior we focus on observa-
tions made in compression. Occasionally we deformed specimen up to e=16%. To
document changes in connected porosity owing to deformation, we monitored pore
pressure in the same fashion as in the HIP runs (Chapter 4). Pore pressure (PP)
when present was usually 50 MPa. On several samples we performed creep tests in
compression and extension.
5.3 Results of Deformation Experiments
The experimental data, deformation conditions and, for reference, the flow stress at
c=4 % are listed in Table 5.1, individual deformation curves are listed in Appendix D.
Even after 5 cycles of compression and extension when reloaded at the same conditions
as the first cycle the flow stress is the same. However, for a given temperature and
strain rate strength is generally larger in compression than in extension. Also, the
difference correlates with the state of stress in the sample. The difference can be as
large as 20 % when flow stress is high.
For any combination of strain rate and temperature we observe substantial strength-
ening of two-phase mixtures compared to pure aggregates. Flow strength increases
with increasing amounts of quartz. The amount of strengthening is significant and
substantially larger than the sample-to-sample variability (Figures 5-4 - 5-6). The flow
stress supported by pure aggregates lies between 14 MPa at T=1077 K and 3x 10- s-1
and 87 MPa at T=873 K and 1x 10-4 s- 1 . Multiple cycles lower the strength of pure
samples within experimental scatter if temperature during an experiment was above
975 K. Multiple temperature-stepping experiments, between 974 K and 1076 K at a
strain rate 3x 10- s- 1 on a single pure sample (cc107p in Table 5.1 and Figure D-5)
and strain-rate stepping tests on a single sample (ccllOp in Table 5.1 and Figure D-
11) deformed at 1076K at strain rates from 3 - 100x 10~5s-1 had drops of 10 and
20 % in flow stress between first and last (identical) deformation cycle. We measured
volumetric strain for one sample deformed at temperatures between T=976 and 873 K
(cc108p in Table 5.1 and Figure D-7); over a total of 5 cycles the sample compacted
by 0.5 %. Deformation behavior did not vary. We obtained one specimen (cc1OO -
Figure D-1) of a pure calcite aggregate that was processed at ETH Zurich by D.L.
Olgaard. The flow strength of that specimen (cclOO) at otherwise identical conditions
is about 1/2 that of the material we used. Note that both source and the processing
technique of the parent material was different. .
Effect of Temperature. At a strain rate of-~ 3 x 10-5s-1 and T=1075 K the
addition of only 5 % quartz doubles the flow stress (Figure 5-7). The flow stress
sustained by an aggregate containing 20 % quartz is 6 x that of the pure aggregate.
At the same strain rate but temperatures of ~-, 975 K (Figure 5-8) the strengthening
effect is similar in magnitude. But, at ~875 K, strengthening is less pronounced
for aggregates containing 10% and 20% quartz: a factor of 2.5 and 3 (Figure 5-9),
whereas the flow stress of 5 % quartz-calcite mixture remains roughly twice that of a
pure calcite aggregate deformed at the same conditions.
Effect of Strain Rate. Variations in strain rate do not change relative strengthening
at T-1075 K. But, at T--975 and 875 K strength increase is less for faster strain rates,
e.g. the strength of the 10 % mixture is only twice that of the pure calcite aggregate
when deformed at strain rates of -1 x 10-4 s-1. The sensitivity of the flow stress to
strain rate decreases with lower temperature (Table 5.1).
Hardening, Compaction and Cavitation. Mixtures that contain 0 or 5 % quartz
require only E=0.5-1 % to complete hardening and reach constant flow strength. Com-
pletion at lower temperatures and/or faster strain rates requires the higher amount
of strain. The trend is similar for samples with 10 % quartz: E=1.5-2.0 % at T ~
1075 K. However, at faster strain rates and/or T ~-875 and 975 K E can be as high as
4 % before constant flow strength is achieved.
For low (< 10 %) weight fraction quartz-calcite mixtures, both hardening behavior
and strain to steady state flow are not affected by deformation induced compaction.
Deformation at T=1076 K reduces porosity by between 0 (cqllOp - Figure D-11) and
at most 2 % (cqll3p - Figure D-33) volumetric strain. If porosity reduction was large
(>1 %) the rate of reduction per increment axial strain decreased with the number of
deformation cycles. But, in samples deformed at T=875 K we observed an increase
in the pore volume. In one case the amount of pore volume generated was 0.4 %
(cq110p; Figure 5-10), in another case 0.1 % (cqll4p - Figure D-38). The latter value
approaches the limits of resolution. The final deformation cycle, a repeat of the first
cycle, at high temperature had the same deformation characteristics. Pore volume
increase appeared not to have affected bulk strength at high temperature.
At T-~ 1075 K the hardening behavior and flow stress of high (;>20 %) quartz
content material is affected by the removal of connected porosity during loading. In
the 20 % case compaction per increment in axial deformation becomes small after a
few reloading cycles, with a cumulative AOc ~ 1.5 %. We do not observe a constant
flow strength except possibly for samples deformed at T=1075K and ~3x 10- s-1.
In contrast to compactive processes at high temperature connected pore volume in-
creased during deformation at T=875 K (Figure 5-11). It is not clear whether cavi-
tation contributes to the hardening behavior. Upon reloading samples yield earlier,
hence have a prolonged hardening stage and, in general, reach a higher flow stress. The
hardening effect owing to porosity removal persists in aggregates with 40 % quartz:
cumulative AOc- 10 % (Figure 5-12). Hardening rates remain high throughout the
loading cycle. Removal of connected porosity during one cycle causes a strong rise
in flow stress at similar strains. Hardening rates increase with porosity removal from
one load cycle to the next (cq410, cq415p and cq418p - Figure D-59 - Figure D-63).
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5.4 Discussion
Our observations are in agreement with those of Dresen et al. [1996]. Even small
additions of a strong second phase cause dramatic strengthening. We also observe
that strain to steady-state strength correlates with second phase content. The amount
of deformation induced compaction correlates with second-phase content. During
initial loading cycles for material with more than 5 % quartz, deformation enhanced
compaction determines hardening rates and strain to steady-state flow strength. Once
volumetric strain production is small or absent, we generally observe steady state
flow stress for material with < 20 % quartz. Aggregates with more than 30 % quartz
continue to harden and undergo large deformation-induced compaction to the highest
e we tested.
Matrix Material. For pure calcite marbles three major deformation regimes of
plastic flow have been described [71, 134, 148]. At high stress, strain rate is related
to stress through an exponential dependence (Az> 100 - 200 MPa depending on the
particular rock [129, 134]). If flow stresses are large enough to exceed the effective
pressure dilatancy may occur [55, 58]. At lower stresses deformation may be described
by a power-law relating strain rate and stress with a possible dependence on chemical
fugacity [152]. A grain size dependence has been reported for the range from 2 to
40 pm [148]. At even lower stresses (Ac < 25 MPa depending on calcite rock and grain
size) and temperatures in excess of 0.6 Tm diffusion accommodated grain boundary
sliding is the main strain accommodating deformation mechanism [134, 135, 148]).
We fit our rheological data of pure calcite aggregates to the empirical relation
[123]
e = Au'e~- (5.1)
e is the strain rate, A is a pre-exponential term that depends on material characteris-
tics, Au is the stress difference supported by the material in compression or extension,
Q is the apparent activation energy for creep, R is the gas constant and T is the tem-
perature. For all experiments the best fitting stress exponent is 4.1±0.2 (Table 5.2
and Figure 5-13), a value comparable to those reported by [148] and D.L. Olgaard
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[written communication, 1995]: 3.3 and 4. The activation energy of 180±22kJ/mol is
also comparable: 190 [148] and 160 kJ/mol, Olgaard [written communication, 1995].
There are systematic variations in strength between different samples prepared
by HIP. When deformed at similar conditions the strength of our pure aggregates
falls in between the material of Walker et al., [1990] and that prepared at ETH by
D.L. Olgaard [written communication, 1995]. We obtained a pure calcite specimen
from ETH and deformed it in our deformation apparatus. The agreement between
the flow strength determined in our apparatus and that determined by D.L. Olgaard
in a different triaxial deformation apparatus is good, Au -~ 29 MPa (measured in our
lab) versus Au-- 27 MPa (measured at ETH - i- 1 x 10- s-'). Curiously, the pure
synthetic calcite marble derived from clear calcite rhombs is about twice as strong
at similar deformation conditions [148]. All flow stresses except those measured at
highest temperatures and slowest strain rates, have values that other experimental
studies associate with power law behavior [148]. Pending a grain size determination
of the pure aggregate, we suggest that our rheological data on pure aggregates are
consistent with previous data. We did not observe any systematic effect of grain size
or grain growth on strength within the scatter of our experiments.
Two-phase Aggregates. Equation 5.1 may be used to compare the sensitivity of
strength to variations in strain rate and temperature. We call this empirical constitu-
tive law, the apparent power-law creep equation to -emphasize the fact that there is no
microphysical basis to the model. Such an empirical fit assumes that the strain rate of
the aggregate is a separable function of average stress and temperature and neglects
stress and strain heterogeneities in the matrix which we know to be present. Ap-
parent power laws demonstrate the dramatic strengthening effect of a second phase.
We fit the flow strengths measured at e = 4 % to the power-law equation 5.1 (Fig-
ures 5-13 - 5-16 and for activation parameters see Table 5.2). We used only data from
those compositions where volumetric strain production did not affect flow strength
significantly. In most cases we determined n from one or two samples. In those cases
where more data were available we determined n for each sample and then averaged
the values.
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Two trends are present in the apparent stress exponents (Table 5.2); first, at
one temperature the apparent n increases with second phase content. Second, for a
given mixture, n increases as temperature decreases. While activation parameters for
pure aggregate remain unchanged over the strain rate and temperature range, mix-
tures have increased strain-rate sensitivity with increasing temperature. Activation
energies appear to increase with second phase content and decreasing temperature
(Table 5.2). Observations made on Al-based metal matrix composites had apparent
stress exponents and activation energies either increase [114, 76] or decrease [102]
with decreasing temperature.
The asymmetry in flow stress in compression and extension (stress-differential
effects [5]) has been suggested to owe to residual stresses left from loading in one
direction that influence the hardening and strengthening behavior in the other direc-
tion. In one interpretation differential stresses are generated by thermal expansion
mismatch between matrix and second phase. Thermal stresses relax by punching out
of dislocations, which harden the matrix locally [47].
Models to relate strength to second phase content can be roughly divided into
two classes: microphysical models and continuum mechanics models. Microphysical
models relate the flow stress in a composite to the interparticle spacing (A). Such
dislocation-based models applied to experimental studies on yield stress of Al compos-
ites indicate a A-' relationship with yield stress [81, 104]. If second phase particles
were to determine a characteristic subgrain size [81], one might expect an inverse
relation of flow stress with interparticle spacing [68]. Another microphysical model
relates the flow strength to the square root of the interparticle spacing by appealing
to slip bands interacting with hard particles [65]. An inverse square root relation is
also demonstrated by the requirement of geometrically necessary dislocations similar
in concept to those required in dispersion strengthened alloys [7]. Continued work
hardening has been associated with geometrically'necessary dislocations around the
particles to accommodate plastic misfit [75]. The detailed microphysical mechanisms
for particle containing aggregates, however, are poorly understood [36, 67, 65].
We relate weight (: volume) fraction (c) of the second phase to interparticle
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spacing by assuming that all quartz grains have a constant size (r) of 20 pm, are
randomly distributed and spherical. Then net particle spacing is related to the particle
size and volume fraction by [57, 36]
A = r - . (5.2)
If we plot the applied stress difference supported by the aggregate versus the particle
spacing (Figure 5-17) we observe an inverse correlation. The flow stress is less cor-
related to particle spacing if stresses differences exceed 160 MPa. The data collected
at a strain rate of ~ 3 x 10-5s-1 and T =975 and 1075 K are fit either by a linear
(slope of -3A) or a log (A-') relationship between strength and particle separation
(correlation coefficient - 0.9). The fit for data collected at 875 K is poorer (correla-
tion coefficient - 0.5 or 0.8). The departure from curve fits owes at least in part to
porosity removal and possibly porosity generation.
Volumetric strain data further constrains the interpretation of high apparent stress
exponents for aggregates with 20 % quartz at T=1075 K and 10 % quartz at T=875 K.
In both cases there is some evidence for an increase in connected porosity. It is possible
that local deformation at quartz-calcite interfaces is large enough to generate high
normal stresses which may be relaxed by nucleation of cavities [4]. Implicit in this
argument is the speculation that the brittle-ductile transition temperature of calcite
is lower. The strength of a calcite-quartz interface is assumed to be sufficiently low
compared to the resistance to cleavage fracture of calcite.
In contrast to mechanism-based approaches that demonstrate the significance of
size of particles and their volume fraction, continuum mechanical approaches are
governed by volume fractions and shapes of second phases [28, 11]. For illustrative
purposes we have modeled the stress distribution in an elastic-plastic composite with
a non-dilute concentration of 2 "d phase particles, using the Eshelby approach [50, 106,
28, 156]. The Eshelby method allows the calculation of effective stresses and strains
in a composite material for a displacement (or traction) boundary-value problem.
If an inclusion of a composite material is removed, allowed to undergo a shape
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change and forced back into the hole from where it was cut, misfits between inclu-
sions and matrix owing to differing compliances cause local stress and strain fields.
Introducing such cutting, transformation and welding steps, Eshelby [1957] found the
displacement and stress field for inclusions (without corners) to be uniform. For a
composite medium with a dilute concentration of inclusions the stress and displace-
ment gradient fields decay sufficiently fast [48] so that interactions between individual
inclusions do not occur. If such a composite is loaded under an applied stress, the
actual stress in the matrix is the average matrix stress superposed by a mean internal
stress [106]. The internal stress fluctuates with a wavelength on the order of the inter-
particle spacing [106]. For a composite with non-dilute concentrations a background
or image stress can be introduced to correct for interactions [121].
We use the implementation of Withers et al. [1989] to calculate average and
mean internal stresses in matrix and inclusion. Once yield in the matrix occurs, we
assume that inclusion stresses increase owing to compatibility requirements with a
plastically straining matrix [28]. As inclusion stresses increase, so does the stress in
the matrix. Because stresses in the inclusions rise linearly with plastic strain of the
matrix, compatibility requires hardening in the matrix to be linearly proportional
to plastic strain. The model calculation has illustrative purposes only and serves to
demonstrate that stresses in the aggregate are heterogeneously distributed.
An idealized, trilinear curve of one experiment serves as the input to our model,
the second compressive loading cycle to c=5% of an aggregate with 20% quartz
(Figure 5-18). The deformation conditions were - 3 x 10-5s- 1 and T=1075K, the
yield stress is about 50 MPa, ultimate flow stress of 132 MPa is reached after about
c=2.5 %. In the model we first load the two-phase aggregate elastically up to an
applied stress of 92 MPa. The value derives from extrapolating the experimental
curve to the onset of non-linearity, i.e. yield point. Such a high yield stress is
an overprediction, but does not affect subsequent- hardening behavior owing to the
linear dependence on plastic matrix strain. Load transfer to the quartz inclusion,
hardens the matrix and strengthens the aggregate. We assume that hardening of the
matrix will continue linearly with accumulating plastic strain until the applied stress
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of 132 MPa is reached. At this point hardening must cease to agree with the idealized
experimental curve. The difference between hardening rate and steady state may
indicate how effective relaxation processes have to be to maintain a steady state flow
stress.
We have made a number of approximations that give our results a more semi-
quantitative character. First, we assume that matrix and inclusion are isotropic
materials. Inclusions are of one size only and spherical which simplifies the imple-
mentation of the Eshelby tensor into the stress calculation e.g. [28]. The approxima-
tion depends on two elastic constants only; we use a Poisson ratio of 1/3 for both,
inclusion and matrix [28]. To account for the temperature dependence of the elastic
modulus, we estimate the constant to be weakly temperature dependent scaled to the
melting temperature [79]. Lastly, we model only small deformations. We disregard
the effect of pressure.
Modeled elastic loading of the aggregate differs significantly from experimental
loading. At yield the average stress in the matrix is ~3 MPa lower and the average
stress in the inclusion is -,10 MPa higher than the applied stress. The discrepancy
of experimental versus modeled results partly owes to the difficulty of interpreting
the correct yield point, any residual porosity in the aggregate, local versus global
yielding and also to the non-linear compliance of the load frame at small loads. At
E=O.1 % the applied stress reaches the yield stress. A plastic strain of 0.05 % is
sufficient to harden the aggregate to its experimentally observed flow strength. The
plastic matrix strain of 0.05 % is in contrast to the ~-,2 % aggregate strain that we
measured in the experiment. Elastic loading of the quartz inclusions to accommodate
plastic misfit strain of the matrix overpredicts the hardening rate by over an order
of magnitude. Even the simplified model results indicate a complex history of load-
partitioning between the phases during the hardening stage. Particularly rapid is the
decrease of hardening rate until steady state flow stress. An observed steady-state
flow strength of the aggregate strongly suggests that relaxation processes are highly
efficient in balancing hardening processes. The driving force for relaxation is probably
related to strong local gradients in the matrix stress. Severe deformation gradients
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may induce local mean matrix stresses high enough to cause a change in deformation
mechanism. If we compared aggregate strength to a pure calcite marble deforming
at the average matrix flow stress, the strengthening effect would be significantly less
than the observed factor of 6 and be more in line with Finite Element models [11].
But, it must be remembered that at high stress power-law breakdown may occur.
5.5 Conclusions
We have delineated a fully plastic deformation field for quartz-calcite aggregates con-
taining up to 20 % (wt) quartz over temperatures ranging from -875 to 1075 K,
laboratory strain rates from -1 x 10-5 to 3x 10- s- 1 at effective pressures from 200
to 300 MPa. Samples reach steady state after porosity is removed by deformation.
Once porosity is removed, hardening is completed early. Steady state flow stress sug-
gests effective relaxation processes that balance hardening processes. Mixtures with
30 and 40 % quartz continue to compact upon loading and harden at rates larger
than mixtures with 20 % and less quartz. Depending on amount of quartz present,
strengths of mixtures at steady state rise by up to a factor of 6 over those of pure
aggregates.
Further, within the plastic field aggregate flow strengths are inversely correlated to
interparticle spacing, given our assumption of constant inclusion size to weight frac-
tion. Fits of aggregate flow strength to a power-law constitutive equation indicate
increasing stress exponents with increasing 2 "d phase content. For one composition
n increases with decreasing temperature. Apparent activation energies increase with
2nd phase content. We interpret the change in n to result from switches in deformation
and recovery mechanisms. We observe cavitation for those samples with 10 and 20 %
deformed at 875 and 1075 K respectively to flow stresses of >170 MPa. Lastly, prelim-
inary model calculations indicate large differences in average flow stress with signifi-
cant average and mean internal stress differences in each of the constituents. Elastic
loading of quartz inclusions to accommodate plastic misfit strains causes modeled
hardening rates to be at least one order of magnitude larger than are experimentally
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observed.
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Figure 5-1: Diagram of the deformation apparatus. The centrally located sample is
part of an assembly composed of ceramic spacers (above and below) and hardened
steel pistons (lower half) that are displaced upwards. The upper half of the column
remains stationary. The furnace generates a hot zone with steep temperature gra-
dients away from the sample. The internal load cell (inside the pressure vessel) is
not affected by O-ring friction. The O-rings seal the high pressure surrounding the
sample from the environment and provide a resistive force against the upward motion
of the loading assembly. The external load cell (not shown) is located further down
the loading column.
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Figure 5-1: Diagram of the deformation apparatus. The centrally located sample is
part of an assembly composed of ceramic spacers (above and below) and hardened
steel pistons (lower half) that are displaced upwards. The upper half of the column
remains stationary. The furnace generates a hot zone with steep temperature gra-
dients away from the sample. The internal load cell (inside the pressure vessel) is
not affected by O-ring friction. The O-rings seal the high pressure surrounding the
sample from the environment and provide a resistive force against the upward motion
of the loading assembly. The external load cell (not shown) is located further down
the loading column.
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Figure 5-2: A sample is enclosed in a steel jacket to avoid confining pressure from
intruding into the sample assembly. Pore pressure (Pf) communicates with the sample
through a split alumina spacer to a T.C. (thermocouple) and Py hole. The hole is
connected to a large pore pressure reservoir whose volume and hence pressure can be
regulated. We prescribe pressure inside the hole and through the split spacer in the
connected pore space of the sample to have a fixed value. Displacement of a regulating
piston in the pore pressure reservoir is recorded and thus measures volumetric strain
(of connected pore space) of the sample.
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Figure 5-3: The lower part of the figure shows a raw force and displacement versus
time curve. Above is the interpretation of the data in terms of stress and strain
after suitable corrections have been made. Note the reproducibility between the first
compression or extension cycle, (1c/le) and (4c/4e). This particular experiment was
a temperature-stepping experiment to obtain information on the activation energy of
the deformation mechanisms.
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Figure 5-4: Stress difference (MPa) versus axial strain plot of different experiments
performed at similar conditions. The scatter owes primarily to sample-to-sample
variability and is in general larger than uncertainties during one experiment. We
take the scatter in the data to be the uncertainty in our data.
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Figure 5-5: Stress difference (MPa) versus axial strain plot of different experiments
performed at similar conditions of experiments on 5 % quartz mixed in calcite. The
scatter is similar to that observed in pure calcite aggregates.
113
200 T = 1075 K, de/dt - 3x105s' ,
___ PC=300 MPa, P,=0 or 50 MPa
00
150
100
Scater
LM 50 -
0
0.00 0.02 0.04 0.06 0.08 0.10
Axial Strain
Figure 5-6: Stress difference (MPa) versus axial strain plot of different experiments
performed at similar conditions of experiments on 10 % quartz mixed in calcite. In
this case scatter is fairly large and demonstrates the sample-to-sample variability.
The variability may also owe to the HIP-and-run technique we employed in this series
of experiments.
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Figure 5-7: Stress-strain curves of single-phase calcite and two-phase calcite-quartz
aggregates. Two phase strengths increase with higher quartz content. Pure calcite
and mixtures with up to 20 % quartz achieve steady-state at deformation conditions.
Hardening stages are short and correlate with second phase content. At high volume
fractions (40 % quartz) hardening is affected by porosity removal.
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Figure 5-8: Stress-strain curves of single-phase calcite and two-phase calcite-quartz
aggregates. Two phase strengths increase with higher quartz content. Pure calcite
and mixtures with less than 20 % quartz achieve steady-state at deformation con-
ditions, again with short hardening stages. While strain to steady correlates with
quartz content, the flow strength at 975 K of the 20 % mixture does not show a simi-
larly strong increase owing to the temperature drop.
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Figure 5-9: Stress-strain curves of single-phase calcite and two-phase calcite-quartz
aggregates. Two phase strengths increase with higher quartz content. But at 875 K,
relative to the pure calcite marble, only those mixtures with 5 % achieve steady state
with similar strength ratios to the pure material. Aggregates with 10 and 20 % quartz
possibly still harden.
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Figure 5-10: Stress-strain (left column) and associated volumetric versus axial strain
(right column) data of 10 % quartz 90 % calcite mixtures during one full compres-
sion/extension cycle at 875 K. The volumetric strain data is two orders of magnitude
above the limit of resolution. The furnace imposes a characteristic frequency on the
volumetric strain data (see detail in Figure D-15). In all volumetric strain curve
positive values indicate increase in connected pore volume of the sample. Negative
values indicate decreases in connected pore volume.
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Figure 5-11: Stress-strain (left column) and associated volumetric versus axial strain
(right column) data of 20 % quartz 80 % calcite mixtures during one full compres-
sion/extension cycle at 875 K. Again, volumetric strain data indicates an increase in
connected pore volume possibly owing to cavitation along quartz-calcite interfaces.
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Figure 5-12: Stress-strain (left column) and associated volumetric versus axial strain
(right column) data of 40 % quartz 60 % calcite mixtures during one full compres-
sion/extension cycle at 1075 K. Significant volumetric strain data indicates deforma-
tion induced compaction. Upon reloading, the hardening rates and flow strength are
drastically increased.
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Figure 5-13: Fits to individual specimen over the entire strain rate and tempera-
ture range gave consistent stress exponents (n=4.1t0.2) and activation energies of
180 kJ/mol.
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Figure 5-14: Fits to individual specimen over the entire strain rate and temperature
range gave variable stress exponents (n=11-7 with increasing temperature).
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Figure 5-15: Fits to individual specimen over the entire strain rate and temperature
range gave variable stress exponents (n=21-8 with increasing temperature). The
strain rate sensitivity decreases markedly compared to mixtures with lower quartz
content.
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Figure 5-16: We fit only the data at 1075 K and obtained an n of 17. The strain rate
sensitivity is small compared to the all other mixtures possibly indicating a switch in
deformation mechanism.
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Figure 5-17: Strength and interparticle spacing are inversely correlated at 1075 and
975 K. Both, a linear (-3A) and a A-' relationship fit the data equally well. However,
the correlation at T=875 K is poorer. In general flow stresses at 875 K are large and
depend less on small interparticle spacing (i.e. high quartz content). Volumetric
strain production may affect the correlation.
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Figure 5-18: Based on an idealized, trilinear experimental curve, we consider 3 stages
of loading, I, elastic loading, where elastic quartz inclusions support a higher and the
(elastic-plastic) calcite matrix a smaller than applied stress. During stage II, quartz
inclusions are loaded elastically to accommodate plastic strain in the matrix. Misfit
strains cause the matrix to harden giving rise to a hardening curve linear in plastic
strain of the matrix. The model dependent linear hardening behavior prohibits a
steady state flow stress (stage III) of the aggregate. Other mechanisms have to
operate that relax stresses.
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Table 5.1: Table of Deformation Experiments.
Exp. Deformation Strain Flow/Creep Type of HIP/
No. Conditions Rate, Stress, Exp. Comments
PcPfT, MPa
MPa,K s-1 ( = 4%)
Material:100% CaCO 3
cclOO (C132)
ccl02p (C135)
ccl03p (C136)
ccl04p (C137)
ccl05p (C138)
ccl06p (C188)
ccl07p (C189)
300,0,873
300,0,873
HIP only
300,0,873
300,0,873
300,0,873
300,0,873
300,0,873
300,0,873
300,0,885
300,0,893
300,0,973
300,0,973
300,0,973
300,0,973
300,0,973
300,0,973
300,0,973
300,0,973
300,0,973
300,0,973
300,50,974
300,50,973
300,50,991
300,50,991
300,50,1076
300,50,1076
300,50,973
300,50,973
2.95 x 10- 5
3.33 x 10-5
3.02
6.14
1.21
3.07
10- 5
10-5
10-4
10~-
3.03 x 10-5
2.96 x 10-5
4.09 x 10-5
5.14
3.35
-3.20
3.35
-3.22
1.11
x 10~4
x 10- 5
x 10-5
x 10-5
x 10-5
x 10-4
-1.10 x 10-4
4.41
-4.41
x 10-4
x 10- 5
3.34 x 10-5
-3.28 x 10- 5
3.10 x 10- 5
-3.33 x 10-5
3.09
-3.30
3.08
-3.30
3.11
-3.25
10-5
10-5
10-5
10-5
10-5
10-5
continued on next page
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ETH-l
MIT-1c
MIT-1c
MIT-1c
MIT-1c
MIT-2d
MIT-2d
29
64
67
78
87
69
64
64
64
64
29
-29
31
-30
43
-40
58
-55
31
-29
34
-34
27
-27
13
-15
30
-29
CDR
CDR
CDR C
CDR C
CDR C
CDR C
CDR
CRP4
CRP C
CRP C
CDR C
CDR E
CDR C
CDR Ea
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
Deformation
Conditions
Strain
Rate,
Flow/Creep
Stress,
ccl08p (C190)
cclO9p (C191)
ccllOp (C192)
300,50,974
300,50,974
300,50,974
300,50,974
300,50,873
300,50,873
300,50,920
300,50,920
300,50,976
300,50,976
Pc leak during'
300,0,975
300,0,975
300,0,1077
300,0,1077
300,0,1077
300,0,1077
300,0,1077
300,0,1077
300,0,1077
300,0,1077
300,0,976
300,0,976
Material:95%CaCO 3 + 5%SiO 2
cq05O (C162)
cq054p (C167)
cq055p (C180)
cq056p (C193)
300,0,873
300,100,873
300,100,873
300,100,873
300,50,1074
300,50,1074
300,50,872
300,50,872
300,0,1075
300,0,1075
300,0,1075
300,0,1075
300,0,1075
2.85 x 10-5
2.74 x 10-5
3.07 x 10- 5
-3.21 x 10-5
3.12 x 10- 5
-3.20 x 10~5
2.91 x 10- 5
-2.85 x 10~5
2.88 x 10-4
-2.91 x 10-4
9.58 x 10-4
153
132
24
-26
106
-100
31
-28
46
-43
50
CDR C
PMBa
CDR C
PMB
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
ETH-1, A1203?
MIT-1c
MIT-1C
MIT-2d
Dens. data
MIT-2d
continued on next page
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Exp.
No.
Type of
Exp.
HIP/
Comments
MIT-2d
Dens. data
MIT-2d
MIT-2d
2.90
-3.02
2.93
-3.01
2.99
-3.02
2.99
-3.02
2.96
-3.01
HIP
2.91
-3.07
2.91
-3.07
2.90
-3.05
9.83
-1.02
2.91
-3.03
2.92
-3.03
10-51
10~5
10-5
10-5
10-5
10- 5
10-5
10-510- 5
10-5
10-5
10~5
10-51
10-51
10-4
10-4
10-4
10-3
10-5
10-5
10-5
10- 5
27
-28
30
-29
61
-58
44
-44
28
-27
25
-24
16
-16
28
-28
31
-30
14
-14
19
-18
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
Deformation
Conditions
Strain
Rate,
Flow/Creep
Stress,
cq057p (C194)
cq058p
cq059p
(C195)
(C196)
cq0510p (C202)
cq05llp (C203)
300,0,1075 -9.58
300,0,1075 2.92
300,0,1075 -2.91
300,0,972 2.91
300,0,972 -2.97
300,0,1073 2.82
300,0,1073 -2.98
300,0,1017 2.87
300,0,1017 -3.01
300,0,973 2.90
300,0,973 -3.02
300,0,1075 2.91
300,0,1075 -3.01
Pc leak during HIP
300,0,1078 3.20
300,0,1078 -3.02
300,0,973 3.16
300,0,973 -3.05
300,0,973 1.06
300,0,973 -1.03
300,0,973 3.09
300,0,973 -3.12
300,0,1075 3.21
300,0,1075 -3.13
300,0,1076 2.97
300,0,1076 -2.61
300,0,872 2.81
300,0,872 -2.79
300,0,872 9.46
300,0,872 -1.18
300,0,872 2.79
300,0,872 -2.79
300,0,872 9.33
300,0,872 -9.22
300,0,1076 2.88
300,0,1077 -2.82
300,0,1075 2.91
300,0,1075 -2.66
300,0,1075 9.78
continued on next page
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Exp.
No.
Type of
Exp.
HIP/
Comments
10-4
10-5
10~5
10~5
10- 5
10-5
10-5
10-
10- 5
10-51
10-5
10~5
10-5
10~5
10-5
10~-1
10-5
10-4
10~4
10~4
10-~4
10~5
10~5
10-5
10~5
10~5
10-5
10-5
10-4
10-4
10~4
10~-4
10-4
10-5
10-5
10-5
10-5
10o-5
-48
29
-29
46
-43
30
-31
37
-37
46
-44
31
-32
33
-35
59
-55
67
-63
76
-72
36
-36
30
-29
76
-74
84
-78
94
-88
106
-99
29
-30
32
-28
37
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
MIT-2d
MIT-2d
MIT-2d
MIT-2d
Exp.
No.
Strain
Rate,
Deformation
Conditions
300,0,1074
300,0,1074
300,0,1074
300,0,1075
300,0,1075
300,0,1075
Flow/Creep
Stress,
10- 5
10-4
10~4
9.77 x 10-4
9.54 x 10-4
2.91 x 10-5
300,0,1075 -3.12 x 10-5
-35
44
-42
'47
-46
29
-29
Type of
Exp.
CDR
CDR
CDR
CDR
CDR
CDR
CDR'
HIP/
Comments
to E = -17.8%
Material:90%CaCO 3 + 10%Si0 2
cqlOl (C106A)
cql02 (C106B)
cql03
cql04
(C106D)
(C120)
cql05 (C122)
cql06 (C106E)
cql07 (-)
cql08p (C161)
cql09p (C174)
cqllOp (C175)
cqlllp (C179)
cqll2p (C184)
cqll3p (C185)
300,0,873
300,100,873
HIP only
300,0,873
300,0,873
300,0,873
300,0,761
300,0,821
300,0,871
300,0,873
destroyed
300,0,873
300,50,1076
300,50,1076
300,50,1074
300,50,1074
300,50,1074
300,50,1074
300,50,872
300,50,872
HIP only
300,50,1076
300,50,1076
300,50,1076
300,50,1076
300,50,1076
9.33 x 10-6
3.04 x 10-6 4
2.91 x 10-5
2.36 x 10- 5
8.14 x 10--
4.0 x 10- 7
1.99 x 10-6
4.89 x 10-6
2.83 x 10-5
156
128
120
144
177
130
129
131
.139
during loading of sample column
2.84 x 10-5 154
3.06 x 10- 5
-2.58 x 10-5
2.95 x 10-5
-3.08
2.95
-3.07
io-5
10-5
10-5
2.96 x 10- 5
2.81 x 10~"
1.16 x 10-5
1.17 x 10--'
-1.10:
3.47:
-3.32
10-5
10-5
10-5
69
-67
74
-71
75
-72
184
-168
73
76
-72
91
-83
CRP C IMT-2e,c
to E = 7.3%
PMB IMT-2',c
CRP C
CDR
CRP
CRP
CRP
CRP
CRP
CDR
to E = 3.4 %
IMT-2e,c
IMT-2e'c
IMT-2e,c
IMT-2e'c
CDR C MIT-2e
to E = 9.9%
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
MIT-2d
MIT-2d
Dens. data
MIT-2d
MIT-2d
MIT-2d
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-9.27
2.91
-2.83
-
I
-
Exp.
No.
cqll4p (C186)
cqll5p (C187)
cqll6p (C198)
cqll7p (C199)
cqll8p (C204)
Deformation
Conditions
300,50,1076
300,50,1076
300,50,1076
300,50,1076
300,50,1076
300,50,1076
300,50,976
300,50,976
300,50,876
300,50,876
300,50,1076
300,50,1076
300,50,1076
300,50,1076
300,50,876
300,50,876
300,50,876
300,50,876
300,50,876
300,50,876
300,50,876
300,50,876
Pc leak during.
HIP only
300,0,1074
300,0,1075
300,0,976
300,0,976
300,0,974
300,0,974
300,0,974
300,0,974
300,0,1074
300,0,1077
Strain
Rate,
3.45
-3.33
3.50
-3.36
2.85
-2.99
2.82
-2.98
2.79
-3.01
2.85
-3.04
3.17
-3.07
3.22
-2.89
9.82
-9.96
2.80
-2.79
3.21
-3.26
HIP
2.89
-2.58
2.90
-2.65
2.82
-2.71
9.41
-9.15
2.95
-2.89
Flow/Creep
Stress,
io-4
10-4
10~5
10-5
10-5
10~5
10~5
10-51
10~4
10-4
10~-1
10-5
10-5
10-5
10-5
10-5
10-5
10-5
10-4
10-4
10-51
10-5
10-5
10-5
10-5
10-4
1o-4
10~4
10-4
1o-5
10-5
118
-106
86
-80
74
-73
120
-112
168
-151
75
-72
75
-73
173
-157
179
-160
188
-165
164
-141
61
-56
104
-94
122
-108
130
-117
61
-58
Material:80%CaCO 3 + 20%SiO2
igre201 (C108)
cq200 (C158)
300,0,873
300,0,873
2.83 x 10~5
2.72 x 10- 5
continued on next page
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HIP/
Comments
Type of
Exp.
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
MIT-2d
MIT-2d
MIT-2d
MIT-2d
MIT-2dCDR,
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
141
161
CDR
CDR
IMT-1
MIT-2e
Deformation
Conditions
Strain
Rate,
Flow/Creep
Stress,
3.77 x 10- 5 4 184
300,50,1076 2.94 x 10-5 11
300,50,1076 -3.17 x 10 -9
300,50,875 2.84 x 10-5 206
300,50,875 -3.24 x 10-5 -167
HIP only
few CaSiO 3 needles on eq interfaces; M.Liu,
873,300,100, 2+ hours at T
973,300,100, 2+ hours at T
1069,300,100, 2+ hours at T
1218,300,100, 2+ hours at T
Pc leak during'
300,50,1076
300,50,1076
300,50,1076
300,50,1076
300,0,1075
300,0,1075
300,0,1075
300,0,1075
300,0,1075
300,0,1075
300,0,1075
300,0,1075
300,0,1075
300,0,1075
300,0,1075
300,0,974
300,0,1006
300,0,1042
300,0,1073
HIP
3.33
-3.18
3.32
-3.19
3.42
-3.23
1.14
-1.09
3.43
-3.36
1.13
-1.13
3.41
3.12
-3.11
3.09
-3.02
3.13
-3.09
10- 5
10-5
10- 5
10-5
10-5
10-5
10-4
10-4
1o-4
10-4
10- 3
10-3
10-5
10-5
10~5- 5
10-5
10-5
10-5
124
-121
132
-121
111
-99
118
-104
124
-110
126
-114
92
93
-85
147
-111
105
-85
CRP C MIT-2e
CDR
CDR
CDR
CDR
to c = 9.8%
IMT-2ed
IMT-2ed
pers. comm.
PMB
PMB
PMB
PMB
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
CDR C
CDR C
CDR E
CDR C
CDR E
CDR C
CDR E
MIT-2d
MIT-2d
Dens. data
MIT-2d
to c = 3.7%
MIT-2d
Material:70%CaCO 3 + 30%SiO2
cq301 (C127)
cq302 (C128)
cq303 (C129)
300,0,873
300,0,873
300,0,873
2.89 x 10- 5
1.44 x10-6 4
1.19 x 10-5 4
154
137
184
CDR C IMT-2e,c
to e = 8.2%
CRP C IMT-2e,c
CRP C IMT-2e,c
continued on next page
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Exp.
No.
300,0,873
Type of
Exp.
HIP/
Comments
cq201 (C160)
cq202 (C182)
cq203 (C183)
cq206p
cq207p
cq208p
cq209p
cq2lOp
(C164)
(C165)
(C166)
(C178)
(C181)
cq2llp (C197)
cq2l2p (C201)
Deformation
Conditions
Strain
Rate,
Flow/Creep
Stress,
cq304 (C157)
cq3lOp (C177)
300,0,873
300,0,873
300,0,873
300,0,873
HIP only
2.83 x
-3.07 x
2.83 x
-3.13 x
10-5
10~5
10-5
10-5
146
-191
181
-188
CDR
CDR
CDR
CDR
IMT-2e,c
to c = -14.2%
MIT-2d
Dens. data
Material:60%CaCO 3 + 40%SiO2
cq401 (C106C)
cq403 (C140)
cq404 (C139)
cq405 (C159)
cq4l (C173)
cq415 (C172)
cq4l6p (C168)
cq4l7p (C169)
cq4l8p (C170)
cq4l9p (C171)
cq420q (C176)
300,0,873 1.45 x 10 3
300,0,873 1.48 x 10- 4
300,0,873 2.54 x 10-5 4
300,0,874 2.86 x 10~-'
300,0,874 1.36 x 10-6 4
300,50,1076 2.91 x 10-5
300,50,1076 -3.14 x 10-5
300,50,1076 2.78 x 10-5
300,50,1076 -3.10 x 10-'
300,49,1076 2.9 x 10-5
1075,300,100, 2+ hours at T
1222,300,100, 2+ hours at T
Pc-leak during HIP
300,50,1076 2.83 x 10- 5
300,50,1076 -2.82 x 10-5
300,50,1076 2.74 x 10- 5
300,50,1076 -2.77 x 10-5
300,49,1076 2.75 x 10-5
300,50,1076 -2.94 x 10-5
300,50,1076 2.67 x 10-5
300,50,1076 -2.89 x 10-5
HIP only
a) Abbreviations: CDR: Constant Displacement Rate Test, C: Compression, E: Extension,
CRP: Creep Test, PMB: Permeability Test, Dens. data: reported. f tertiary creep, 4
decelerating creep rate.
b) ETH-1: Pure calcite aggregate hot isostatically pressed (HIPed) at 523 K and Pc=187 MPa
for 3.5 h. Samples were cored from can, not ground but inserted in Cu sleeve and HIPed
for 2 h at 823 K and Pc=300 MPa and another subsequent HIP at 873 K and Pe=300 MPa
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Exp.
No.
Type of
Exp.
HIP/
Comments
270
150
188
158
.133
157
-159
178
-174
149
147
-160
187
-172
153
-157
177
-167
CRP
CRP
CRP
CDR
CRP
CDR
CDR
CDR
CDR
CDR
PMB
PMB
CDR
CDR
CDR
CDR
CDR
CDR
CDR
CDR
IMT-2e,'
IMT-2e,c
IMT-2e,c
IMT-2e,c
IMT-2ed
IMT-2ed
MIT-2d
MIT-2d
Dens. data
MIT-2d
Dens. data
MIT-2d
Dens. data
for 1 h.
c) MIT-1: Material is uniaxially cold pressed into a Cu-sleeve in a split die at 200 MPa.
The HIP protocol is similar to ETH-1: 2 h at 823 K and Pc=300 MPa and another subse-
quent HIP at 873 K and Pc=300 MPa for 1 h.
d) MIT-2: Material is uniaxially cold pressed at 200 MPa into Fe-sleeves using a split die.
In case of pure calcite aggregates we used Cu-sleeves. The sleeves were HIPed at ~1076 K,
Pc=300 MPa, Pf=50 or 0 MPa for 2 h prior to deformation. For calcite aggregates the HIP
temperature was ~975 K. For permeability (PMB) tests: Pf= 100 MPa.
e) IMT-2: Commercially HIPed material: HIP at 850 K and Pc=207 MPa for 2 h. e,c) or
e,d) Material was re-HIPed at MIT-1 or MIT-2 conditions.
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T, K 100 % CaC0 3 95 % CaC03 + 5 % Si0 2 90 % CaC0 3 + 10 % Si0 2 80 % CaC03 + 20 % Si02
875 4.1 ± 0.2 10.7 t 1.9 21.2 t 8.6
975 4.1 ± 0.2 8.6 t 0.1 16.0 t 1.4
1075 4.1 t 0.2 6.7 ± 1.4 8.2 t 0.8 16.7 ± 5.5
Q 5294 ± 637 5944 t 520 3280 ± 370 4793 ± 210nR
Table 5.2: Table of Apparent Stress Exponents and Activation Energies.
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Appendix A
Material Parameters and Data
Tables of Sioux Quartzite
Experiments
A.1 Material Parameters
All material properties needed in the calculations of chapter 2 are given in Table A. 1.
The elastic stiffnesses and compliances have been determined as a function of tem-
perature [167], as a function of pressure [91] and as a function of both pressure and
temperature [109]. The thermal expansion coefficients an and a33 are strains mea-
sured along the a and c axis of a crystal when heated. Both are strong functions of
temperature [12] and weak functions of pressure [109]. We fitted polynomials to the
thermal expansion data to estimate the value relevant to the thermal crack experi-
ments. Thermal expansion is maximum along < 110 > and minimum along < 001 >.
For calculations of stresses owing to thermal expansion anisotropy we always assumed
that a crystal is oriented such that its c-axis is in the same plane as its neighboring
grain a-axis. Hence, for all directional properties of quartz we confined ourselves to
those directions whose normals were (110) and (001). The values obtained represent
then upper and lower bounds respectively.
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295 K, 295 K, 295 K, 683 K, 683 K, 683 K,
0.1 MPa 100 MPa 200 MPa 0.1 MPa 100 MPa 200 MPa
c11, MPa 86.800 87.130 87.460 80.900 81.230 81.560
C12, MPa 7.1200 7.9900 8.8500 -9.5600 8.6900 -7.8300
c1 3, MPa 12.000 12.597 13.194 6.7000 7.2970 7.8940
c1 4, MPa 17.970 18.163 18.356 16.740 16.933 17.126
C33, MPa 106.10 107.18 108.27 95.100 96.184 97.268
C44, MPa 58.100 58.366 58.632 48.870 49.136 49.402
c66 , MPa 39.840 39.571 39.302 45.130 44.861 44.592
K (GPa) 37.492 38.125 38.753 28.519 29.149 29.771
E11, GPa 86.800 87.130 87.460 80.900 81.230 81.560
E3 3 , GPa 106.10 107.18 108.27 95.100 96.184 97.268
Gil, GPa 40.672 40.431 40.177 41.024 40.865 40.692
G33 , GPa 49.995 50.036 50.053 42.674 42.765 42.834
V31 0.10164 0.10824 0.11476 0.013869 0.022271 0.030497
V13  0.038428 0.043498 0.048568 0.00081672 0.0073570 0.013798
AaAT 0.0030609 0.0028507 0.0026404
783 K, 783 K, 783 K, 830 K, 830 K, 830 K,
0.1 MPa 100 MPa 200 MPa 0.1 MPa 100 MPa 200 MPa
c11, MPa 79.000 79.330 79.660 73.400 73.730 74.060
C12, MPa -14.200 -13.330 -12.468 -23.800 -22.934 -22.068
c1 3 , MPa 1.9000 2.4970 3.0940 -4.8000 -4.2030 -3.6060
C14, MPa 16.400 16.593 16.786 13.600 13.793 13.986
c3 3 , MPa 88.100 89.184 90.268 81.500 82.584 83.668
C44, MPa 46.300 46.566 46.832 42.200 42.466 42.732
c6 6, MPa 46.600 46.331 46.062 48.600 48.331 48.062
K (GPa) 24.429 25.061 25.688 17.240 17.872 18.497
Ell, GPa 79.000 79.330 79.660 73.400 73.730 74.060
E3 3 , GPa 88.100 89.184 90.268 81.500 82.584 83.668
Gl, GPa 40.659 40.525 40.375 41.100 41.022 40.929
G3 3 , GPa 40.528 40.629 40.710 .38.394 38.535 38.658
V31  -0.035246 -0.025343 -0.015698 -0.16418 -0.15021 -0.13674
V13 -0.034136 -0.026226 -0.018499 -0.13908 -0.12727 -0.11592
AaAT 0.0044517 0.0042414 0.0040312 0.0055627 0.0053524 0.0051422
Table A.1: Material Parameters of Quartz.
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A.2 Summary of Permeability Measurements on
Sioux Quartzite
Table A.2: Table of Experimental Measurements.
Eff. Pressure, Permeability, t, Eff. Pressure, Permeability, t
MPa m2 m2 MPa m2 m2
P1000/untreated P1018/untreated #7
156
156
115
84
44
82
114
155
150
149
108
77
36
77
106
150
156
162
119
91
51
90
119
162
155
1.94
2.02
2.49
2.61
4.25
2.92
1.90
1.45
1.53
1.43
2.04
2.41
3.46
2.17
1.76
1.32
1.21
1.05
1.37
1.73
2.35
1.69
1.29
1.00
1.00
P1029/untreated #12
156
154
128
98
38 3.24
4 0.56
44 2.91
P1019/untreated # 9
155
128
99
45
97
129
156
P1020/untreated #10
155
128
100
43
99
130
154
P1030/untreated #13
156
129
23 1.25
continued on next page
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0.43
0.41
0.37
0.64
0.38
0.32
0.36
1.36
1.65
1.75
2.63
1.65
1.44
1.19
1.02
1.16
1.47
I
Eff. Pressure,
MPa
Permeability, Eff. Pressure,
MPa
Permeability,
128 30 1.70
99 44 2.69
45 58 3.16
99 36 2.00
128 23 1.21
154 14 0.80
P1052/untreated #17
154 2
127 1
101 4
44 6
98 3
128 1
154 1
P1008/SC1009
Cracked at 683 K and Pc
154 58
154 57
113 65
83 80
43 111
84 74
100 62
113 56
156 44
150 43
107 52
100 56
77 67
37 114
76 67
100 55
148 41
155 39
162 39
120 45
100 54
0.31
0.25
0.69
1.01
0.48
0.28
0.27
2.89
1.54
1.14
0.89
128
155
P1050/untreated #16
154
129
98
75
0.75
0.80
0.80
0.93
1.35
0.64
0.54
0.42
0.40
128
156
= 0.1 MPa Cracked at
3.09
3.03
3.52
4.23
5.86
3.90
3.29
2.95
2.33
2.28
2.77
2.97
3.53
6.04
3.54
2.93
2.18
2.07
2.06
2.40
2.85
155
155
130
99
70
44
70
99
130
155
149
100
78
38
77
100
149
155
162
131
100
P1009/SC1015
783 K and Pc = 0.1 MPa
57
56
61
65
80
105
80
63
53
46
46
56
64
103
65
54
40
41
41
44
51
3.03
3.00
3.22
3.46
4.24
5.60
4.24
3.33
2.84
2.41
2.42
2.98
3.37
5.45
3.47
3.04
2.14
2.20
2.18
2.30
2.70
continued on next page
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t
m2
Eff. Pressure,
MPa
Permeability,
m 2
±, Eff. Pressure,
m 2 MPa
Permeability,
4.45
2.79
2.33
1.91
1.81
P1013/SC1018
830 K and Pc = 0.1 MPa
50
100
121
163
156
Cracked at
157
129
99
44
100
130
157
148
100
37
99
149
155
162
101
51
99
162
156
Cracked at
P1003/SC1002
683 K and Pc
95
94
103
114
119
77
76
46
45
5.01
5.42
6.70
12.28
5.49
4.43
3.49
3.85
5.07
10.12
4.62
3.33
3.49
3.16
4.35
7.24
4.57
3.05
2.93
= 101 MPa
5.07
4.97
5.44
6.07
6.27
4.12
4.02
2.43
2.36
50
50
75
100
130
163
155
3.24
4.10
2.78
2.28
3.05
1.61
1.63
P1035/SC1037
Cracked at 683 K and Pc = 0.1 MPa
157
126
97
44
98
127
155
94
102
127
181
104
84
66
73
95
191
87
63
66
59
82
137
83
58
55
1.80
2.08
2.26
3.43
2.26
1.82
1.73
P1005/SC1004
783 K and Pc = 101 MPa
1.92
1.89
2.24
2.62
3.85
2.71
2.00
1.66
1.68
1.69
1.98
2.43
3.62
2.22
1.79
1.48
1.40
1.02
1.52
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Cracked at
155
155
113
83
44
83
113
155
147
149
107
77
38
77
107
149
156
162
120
154
154
113
83
43
83
112
155
148
t
m2
Eff. Pressure,
MPa
Permeability,
m 2
i, Eff. Pressure,
m 2 MPa
Permeability,
149
107
78
38
77
107
149
155
161
119
91
50
90
119
162
155
Cracked at
P1016/SC1022
830 K and Pc:
154
128
100
45
98
128
155
113
128
161
362
168
127
104
2.35
2.80
2.15
4.24
2.47
1.96
1.40
1.39
1.30
1.58
1.86
2.69
1.84
1.43
1.14
1.18
= 101 MPa
6.20
6.78
8.52
19.15
8.86
6.69
5.51
P1017/SC1027
Cracked at 830 K and Pc = 101 MPa
154
130
100
45
96
127
155
5.56
4.25
3.33
5.10
3.73
3.13
2.48
P1025/SC1029
Cracked at 830 K and Pc = 101 MPa
119
162
155
Cracked at
153
128
Cracked at
P1015/SC1022
830K and Pc:
157
170
208
274
487
280
P1004/SC1003
830 K and Pc:
155
155
113
83
44
83
113
154
147
148
108
77
38
77
107
148
154
162
120
90
50
53
56
66
85
134
81
60
47
49
46
59
70
145
78
58
42
42
56
26
61
97
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1.80
2.47
1.58
1.23
0.95
1.03
= 101 MPa
8.38
9.00
11.13
14.59
25.90
15.03
= 101 MPa
2.82
2.95
3.49
4.49
7.27
4.28
3.20
2.50
2.57
2.43
3.13
3.73
7.73
4.13
3.08
2.21
2.22
4.90
3.37
3.28
5.16
Eff. Pressure, Permeability,
MPa m2
Eff. Pressure,
MPa
Permeability, ±
154
127
98
44
97
127
155
65
99
106
130
57
68
48
3.46
5.88
5.65
6.97
3.01
3.89
2.54
P1031/SC1040
Cracked at 830 K and Pc = 101 MPa
157
127
98
44
97
127
155
Cracked at
154
127
97
44
96
155
43
51
61
106
63
51
46
P1033/SC1042
830K and Pc:
45
51
60
91
53
37
P1034/SC1043
Cracked at 830 K and Pc
154 69
129 74
98 91
44 141
95 91
127 76
156 64
2.38
2.73
3.21
5.59
3.35
2.68
2.47
= 101 MPa
2.40
2.71
3.17
4.81
2.80
1.94
= 101 MPa
3.65
3.93
4.80
7.51
4.81
4.01
3.41
89
120
162
155
P1011/SC1016
Cracked at 830 K and Pc
156
114
99
84
44
101
112
P1032/SC1041
Cracked at 830 K and Pc
157
127
98
43
99
129
157
Cracked at
156
131
100
71
44
70
99
130
156
156
P1010/SC1006
830 K and Pc:
2
2
3
6
9
6
4
2
2
1
3.21
2.61
2.13
1.99
= 101 MPa
1.72
1.96
2.04
2.15
2.93
1.89
1.62
= 101 MPa
2.26
2.52
2.95
4.97
3.02
2.42
2.17
= 201 MPa
0.12
0.11
0.15
0.31
0.47
0.31
0.20
0.14
0.14
0.11
P1022/SC1017
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Eff. Pressure, Permeability,
MPa m2
Eff. Pressure, Permeability,
MPa m2
P1007/SC1006
830K and Pc:
Cracked at 683 K and Pc = 201 MPa
Cracked at
156
127
0.12
0.14
P1028/SC1017
Cracked at 683 K and Pc = 201 MPa
= 201 MPa
0.45
0.35
0.47
0.53
1.01
0.55
0.38
0.29
0.30
0.29
0.38
0.50
1.10
0.51
0.34
0.25
0.33
0.20
0.25
0.31
0.46
0.23
0.14
0.09
0.09
P1012/SC1007
Cracked at 783 K and Pc:
156
155
113
83
44
83
114
155
147
149
107
77
37
77
106
150
155
161
121
89
50
89
118
163
154
0.12
0.14
= 201 MPa
0.42
0.67
1.13
1.12
1.08
0.71
0.50
0.40
0.32
0.32
0.44
1.15
0.46
0.31
0.34
0.31
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156
127
t
156
130
99
69
43
69
98
129
155
148
100
38
100
149
155
163
A.3 Observed Apertures in Sioux Quartzite
Table A.3: Table of Observed Apparent Apertures in Sioux Quartzite.
Apparent Width, pm
Untreated
1.1
14.4
0.7
7.9
0.8
2.1
3.4
2
12.6
3.7
4.1
0.4
2.8
0.7
0.2
0.6
5.4
0.4
0.1
3.2
2.7
0.4
5.8
2.5
0.2
1
1.6
0.1
0.4
0.8
1.2
9.9
0.7
0.3
2.4
1.3
1.1
0.2
5.9
2.2
0.3
0.9
0.7
1.9
6
7.6
0.8
1.1
2.5
1.2
11.9
1.1
0.3
1.4
2.1
0.2
0.4
0.3
0.3
0.6
1.1
10.4
0.8
1.5
0.9
1
9
0.4
1.2
1.8
0.4
13.1
2.6
0.8
1.6
7.9
8.1
0.1
0.9
1.9
0.2
0.2
3.6
0.9
1.4
1.3
0.5
0.1
0.8
0.1
2.3
10.5
0.4
5.7
4.8
2
16.3
3
0.5
4.1
2.1
3
3.8
1.6
3.4
7.9
6.3
1.4
0.6
3
0.9
0.4
0.9
0.3
1.9
0.7
0.9
1.1
0.6
0.7
0.4 4.3
2.6 11.1
0.1 0.6
0.3 1.3
0.5 2.2
2.1 4.8
0.8 1.4
6 1.5
1.6 1.9
1.7 8.2
2.4 11.1
2.7 7.1
2.7 0.9
0.2 3.1
0.2 3.5
4.1 1.8
5.7 2.5
0.9 0.9
8.7 4.7
0.6 5.2
4.2 0.8
1.3 1.6
0.1 1.9
0.1 0.1
2.7 0.7
3.4 2.7
1.6 1.1
5.5 5.5
0.3 0.6
1.4 0.2
3.2
0.1
0.8
0.4
0.3
3
0.4
2.4
3.4
4.5
0.7
0.5
1.8
0.8
0.2
1.7
0.1
0.8
10.2
7.7
0.3
7
2.9
1.7
4.3
0.1
1.5
0.2
0.4
1.6
3.1
0.1
5.3
1.7
11.4
0.4
0.2
0.6
1
4.3
1.2
3.7
5.1
14.6
0.3
3
0.2
1.6
2.7
4.2
.0.1
3.9
2.4
6.3
1.5
2.8
0.8
2.1
0.3
3
1.7
0.1
1.6
1.5
0.3
0.6
0.2
0.6
0.3
4
4.7
1.1
0.2
7.9
0.2
1.2
10.5
1.4
4.5
18.7
0.2
5
0.6
1.5
0.5
3.8
6.8
1.9
0.1
0.1
1.6
3.2
0.6
2
0.1
0.2
1.1
0.3
3.2
0.7
0.4
4.4
1.2
11.7
0.2
1.1
2
0.9
2.8
0.1
3.7
1.6
1.7
1.3
4.7
0.3
0.1
0.2
0.7
0.1
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1.5 8.3
0.1 4.8
3.8 3.6
0.6 0.1
1.2 4.4
4.6 0.4
2.1 6.5
5.9 0.4
0.5 1.6
20 5.3
8.2 1.2
1.2 2.4
0.2 0.3
2.4 1.9
0.1 2.5
1.2 2.6
4.4 0.7
4.1 5.4
3.7 0.1
0.1 2.4
0.4 3.3
0.8 1.1
0.2 0.1
0.4 2.6
0.5 1
0.2 0.1
1.5 2.2
1.2 0.6
0.6 1.2
0.1 0.4
Apparent Width, pm
0.1
1
1
0.8
0.8 0.3
0.4 0.4
1.2 0.1
0.7 0.1
0.2 3.7
1 0.1
0.1 0.3
0.4 0.8
3.7 11.2
0.3 0.8
0.8 1.9
0.3 0.5
1 0.3
0.7 1.4
0.4 0.4
0.3 0.5
0.3 0.4
1.2 0.8
2 0.1
0.1 0.2
0.4 0.6
0.7 0.1
0.2 0.1
2.6 0.5
0.4 0.3
0.2 0.8
2.7 0.7
5.6 2.1
0.2 0.3
2.9 0.9
8.8 2.1
1.2 19
0.3 0.2
0.2 0.4
1.1 .4
0.1 0.4
0.4 0.1
1.2 0.1
0.1 0.4
0.1 0.4
0.6 0.6
0.2 0.3
0.2 6.2
1.2 0.8
0.3 0.1
0.6 0.2
0.2 0.8
1 0.3
0.8 0.2
0.2 0.2
0.6 0.5
SC1003 cracked at Pc = 100 MPa and T = 830 K
2.2 3.7
0.3 0.2
3 1
0.7 0.1
2.5 1.5
0.2 0.1
0.2 1.2
3.3 0.4
5.7 6.7
1.3 8.5
2.1 2.6
5.5 4
5.2 6.5
1.4 9.3
4 3.4
4.1 0.5
1.4 8
1.4 3.6
0.7 1.1
1.9 8.6
3.3 2.8
1.6 2.3
1.7 0.2
1.2 1.9
0.2 7.1
0.5 7.5
2.1 1.2
4.1 4.1
10.8 2
0.1 0.4
2.3 3
2.1 2.2
1.7 4.8
0.7 0.2
3.4 9.9
0.1 0.6
14.6 5.6
4 4.6
0.2 8.3
2.6 0.7
0.4 2.7
5.6 0.9
4.5 4.3
0.8 1.6
0.4 4.3
1.9 2.6
1.6 2.9
22 7.3
2.1 1.7
3.7 3.2
0.3 8.1
1.1 5.8
5.3 4.8
1.2 2.5
17.4 0.6
4.2 1.4
0.1 0.3
0.1 0.1
0.7 2.6
1.3 2.2
0.3 1.6
0.2 0.5
0.5 0.1
0.6 1.8
1.6 1.3
0.6 1.4
5.7 4.4
2.6 5.4
0.7 2.7
2.2 6.4
7.6 6.6
1.3 5.5
0.6 0.5
0.7 0.3
1.2 3.3
5.8 0.4
3.2 0.5
0.6 0.8
5.5 2.1
1.1 0.6
0.6 1
3.1 2.1
1 3.8
4.1 4.6
6.2 8.4
2.6 13.7
0.7 0.3
6 4.6
4.8 1.2
5.8 5.7
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0.2 0.3
0.4 0.4
0.6 0.8
1.2 0.3
0.1 0.1
0.2 0.6
0.4 0.1
1.1 0.2
3.1 0.1
2.1 0.1
1.3 0.2
0.4 0.2
0.5 1
0.6 0.2
5 0.5
4.4 0.3
0.1 0.1
0.5 0.4
0.2 0.8
0.2 0.7
0.5 0.5
0.2 3
2 0.1
0.4 0.2
0.3 0.3
2.6 1.9
0.1 0.6
0.7 1.6
1.6 0.7
0.2 3.2
0.1 0.5
0.6 0.7
0.4 0.4
0.7 0.1
0.3 0.1
0.1 0.2
0.2 0.3
0.4 0.1
0.9 0.3
0.4 0.3
0.5 0.2
1.4 0.7
1.1 0.4
0.6 0.5
0.4 0.8
0.1 0.1
1.2 0.3
0.2 3.2
0.7 0.6
0.1
0.7 2.6
0.3 0.3
2.9 0.5
2.6 5
0.7 1.5
4.5 2.7
1 3.1
5.7 5.8
0.7 0.6
0.3 5.8
5.2 0.4
12.1 3.9
1.2 3.1
4.9 0.6
11.7 4
0.5 5.9
1 4.2
3 0.6
Apparent Width, pm
1.4 6.9
1 3.7
2.6 7.2
5.9 1.1
3.2 0.8
3.4 4.2
1.2 0.3
0.2 2
2 1.7
6.5 1.7
2.4 2.4
0.9 5.4
6.7 0.4
1.5 1
0.9 0.7
0.4 2
0.3 1.2
1.3 0.6
3.1 0.3
4.4 3.2
3.2 0.3
3.3 1.2
5.2 3.7
5.3 0.4
1.8 5.7
0.5 0.1
3.9 3.1
3.4 0.6
13.6 6
0.8 1.5
0.8 1
1.2 0.6
2.9 2
4.2 3.8
0.9 2.9
0.8 0.1
3.4 0.4
2.6 0.3
1.8 0.3
2.6 0.9
1.4 6.4
2 3.5
1 1.9
0.8 0.8
2.1
1.8
2.6
12.7
0.3
1.4
2
12.4
1.9
1.5
0.6
0.5
0.2
1.3
2.2
3.2
1.4
4.1
7.9
2.8
1.6
3.2
Material: SC1004 cracked at Pe=100 MPa and T = 783 K
0.6
0.1
0.1
0.4
0.8
1.6
0.8
2.3
0.6
0.1
3.8
9
0.5
0.6
5.7
0.7
0.9
5.1
1.7
0.5
4
5
0.4
0.4
2.5 8
3.2 4.1
4.5 0.3
0.9 0.1
1 1
1.7 1.6
0.7 0.4
12.1 5.9
0.7 2.1
0.7 0.3
0.8 0.2
0.2 0.3
2.4 1.8
0.4 0.8
1.1 3
0.8 3.7
14.2 3.5
0.2 0.2
0.8 9.3
0.3 0.2
0.4 1.5
0.7 1.6
3.9 0.3
9.6 0.7
8.4 2.6
2.1 0.7
3.4 4.6
8.2 6.3
0.6 5.2
1.1 6.3
0.6 0.3
1.8 0.7
2 0.2
1.2 0.8
1.1 1.8
1.7 2.3
0.8
2.3
0.7
7.1
4.6
0.6
0.1
0.3
5.8
0.1
0.2
0.7
0.1
0.4
10.5
3.1
6.5
0.7
0.1
0.8
5.1
0.6
Material: SC1006 cracked at Pe=200 MPa and T = 830 K
0.8 3.7
0.7 0.8
1.9 10.1
0.8 1.3
0.6 0.8
2.5 0.2
1.6 1.9
0.2 1.1
0.1 0.1
19 0.4
0.3 1.9
5.1 0.5
1 0.7
1.2 0.6
6.9 1.9
7.7 3.1
1.5 0.1
0.3 0.1
1 1.4
0.3 1.6
0.4 1
0.5 0.6
2.1 0.4
0.7 0.3
0.6 3.4
0.1 0.2
1.1 0.4
0.7 0.8
0.8 2
1.7 0.1
1.6 1
1.2 0.5
1.1 1.4
1.2 0.7
0.1 0.1
0.7 1.2
0.7
0.6
1.7
5
0.7
1.3
0.1
0.4
5.4
3.9
0.3
6
0.5
0.1
1.4
1.9
0.2
0.2
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5 1.2
1 0.4
0.3 2.6
0.3 3.5
2.4 1.2
0.2 1.1
0.3 6.5
1.8 2.8
0.1 15.3
0.7 6
1.5 4.6
0.7
1.4 2.6
1 0.1
2.1 0.9
1 0.7
1.2 0.7
1.2 0.1
0.2 4.3
0.4 8.5
6.2 3.2
1.2 1.4
4.2 1.1
1.8 0.7
3.6 0.5
1.3 0.7
0.9 0.8
0.3 0.7
0.4 1.2
1.3 9.7
1.2 1.3
0.8 0.3
1 1.2
Apparent Width, pm
0.2
0.2
0.2
2
0.3
0.3
2
1.8
11.7
1.5
2
0.6
6.6
2
4.5 0.1
0.4 0.1
0.2 0.2
0.2 0.2
0.1 0.2
0.1 0.1
1.4 1.4
1.1 0.1
0.7 1.4
0.7 2.6
1.8 0.7
0.6 0.7
4.8 1.3
12.5 1.8
0.1 0.2
0.2 0.1
0.1 0.1
0.1 0.4
0.1 0.1
0.1 2
1 0.9
0.6 0.6
0.5 0.3
0.5 10.1
7.5 2.3
0.7 6.2
0.3 0.7
0.9 6.9
0.1 0.1
1.1 9.5
0.3 1.5
0.2 0.1
1.1 0.1
2 0.1
3.1 0.8
0.1 2.1
4.6 0.9
0.8 2.1
5.1 3.1
16 1.8
3.5 1.2
0.3 7.5
0.1 0.1
1.2 0.3
0.1 0.1
0.3 2.7
0.8 0.7
3.4 0.6
0.1 4.8
12.8 0.8
4.2 0.7
1.5 1.5
1.7 0.5
0.6 1.2
SC1018 cracked at Pc = 0.1 MPa and T = 830 K
5.6
0.5
0.4
1.4
1.2
2.3
1
0.3
0.6
1.3
0.4
0.3
4.1
2.8
0.8
0.3
0.5
0.2
0.4
0.8
0.7
0.8
0.2
0.1
0.1
0.1
0.1
0.2
0.1
2.1
0.1
0.3
0.1
0.1
1.1
0.1
0.2
3
0.4
0.1
7.4
0.8
0.2
0.1
6.6
0.5
1.2
0.6
0.7
2.4
0.6
0.6
0.2
0.2
0.3
0.1
0.4
0.2
0.1
1
0.2
0.6
0.1
0.9
8.5
0.5
0.1
0.6
2.9
1.7
1.4
0.8
0.8
1.3
0.1
0.3
1.4
0.3
0.3
0.4
0.5
1
0.3
1.1
1.6
0.4
1.1
0.6
2.6
1.8
).6
1.4
2.3
1.6
0.8
0.2
0.3
6.4
3.1
0.3
0.6
2.2
2.2
0.4
1.8
1.4
7.3
0.6
0.3
0.5
0.3 0.1
0.9 0.1
5.4 0.1
2.2 0.1
2 0.2
2.1 0.1
11.6 0.6
4.3 0.1
2.2 0.1
2 1
8.1 0.2
1.2 0.3
4.1 0.1
0.3 0.1
3.2 0.3
2.1 0.2
0.5 0.1
10.3 0.1
3.2 0.6
0.2 0.1
1.5 0.1
2.2 0.1
0.1
1
1
0.2
0.1
0.1
0.2
0.1
0.1
0.1
0.2
0.1
1
0.6
0.1
0.1
0.1
0.1
1.6
0.6
2.2
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0.2
1.9
0.1
0.1
0.2
3.5
5.4
3.4
0.2
1.8
13.1
2
4.3
1.3
0.2
1.1
2
1.4
0.1
0.1
1.1
0.6
1.2
0.3
0.4
0.9
2.5
10.6
0.2
0.2
0.2
2
0.5
0.8
1.3
1.4
1
8
0.3
6.2
0.5
1.7
5
3
3.8
0.6
0.5
0.7
2.2
0.2
0.3
2.3
2.5
4.2
3
0.2
1.3
1.7
2.6
2.1
1.8
1.6
3.4
2
0.3
0.4
3.6
0.4
1.1
0.2
0.8
1.2
4
0.6
0.8
0.4
5.8
2.3
0.8
1.5
0.4
1.6
0.6
0.2
0.7
0.3
2.2
17.1
1.6
0.6
0.5
1.2
0.5
1.2
0.5
1
3
2.2
0.7
1.5
1.5
0.8
0.4
0.7
0.2
2.1
2.3
1.2
0.8
0.2
0.1
0.3
0.4
0.2
0.7
0.4
2
7.5
0.7
1.7
0.2
0.4
0.2
1.1
8.7
3.2
1
0.1
1.4
0.2
Apparent Width, pm
2.3 1.2
1.3 2.3
2 0.8
1.9 0.4
0.6 8.6
1.4 2.1
0.2 0.5
1.2 0.1
0.4 0.5
0.7 1
2.2 0.4
1.2 0.6
6.2 0.4
0.2 0.3
5.3 2
0.9 3.3
0.8 1.2
0.3 4.3
2.4 1.8
0.3 0.4
0.5 0.2
3.9 0.4
2.1 3.2
1.8 0.4
0.6 0.8
1.8 0.7
0.3 0.1
0.2 1.5
2.1 1.1
1.4 1.2
2 0.5
9.3 2
1 1.2
2.5 0.3
0.9 0.1
0.5 0.4
2.5
0.6
0.7
0.2
6.5
2.4
1.6
1
0.7
1.6
2.6
1.8
2.5
1.5
1.3
8.3
1.8
0.8
0.8
2
2.1
5.4
5.9
2.4
4.3
2.6
0.7
0.6
3.6
1.5
1.7
0.7
2.2
11.7
0.7
0.4
1.2
0.2
0.8
0.5
0.4
0.2
0.2
6.1
1.7
0.4
0.1
0.2
0.1
0.3
0.7
0.8
9.1
1
0.1
0.1
0.1
0.7
0.3
0.1
0.8
0.1
1.2
0.1
2.4
0.1
0.4
0.4
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.3
1.4
0.6
1.4
0.1
0.1
0.1
1
1.2
6
0.1
1.8
0.2
1.8
3.2
0.1
0.3
1.1
0.1
0.1
0.1
0.1
0.1
10
0.1
8.4
0.2
0.3
0.1
3.5
0.4
1.2
0.1
0.1
1.5
2.4
0.6
2.1
2.3
7.4
1
0.7
0.4
0.4
0.1
0.1
0.6
0.1
10.3
0.9
0.1
0.2
0.6
0.4
0.2
0.5
0.9
5.9
0.2
1
2.6
0.1
0.3
0.5
0.2
1.5
0.5
1
0.7
1.2
0.3
2.1
0.1
1.6
0.7
2.1
0.4
1.9
1.6
2.1
0.8
3.3
0.8
0.1
0.3
1.4
0.8
0.1
0.3
1.4
0.8
1
12.2
3.7
9.3
9.8
0.7
1.2
0.4
3.2
1
1.4
0.9
2.2
2.1
1.8
1.4
0.9
2.4
2.8
0.2
2.8
0.2
1.3
0.5
0.3
1.3
0.4
0.5
0.8
1.7
0.6
4.6
13.3
1.7
6.3
0.4
1.3
0.8
3.4
0.7
0.4
9.2
0.8 0.2
0.2 0.3
0.8 0.2
5.4 0.1
0.3 2.1
0.1 0.1
2 4.2
0.7 0.1
4.3 0.1
3.2 0.4
0.6 0.1
0.8 0.1
0.7 0.1
1.2 0.1
0.9 0.1
4.1 0.1
0.7 0.4
1.5 0.1
0.6 0.1
0.7 0.1
0.5 0.1
0.1 0.8
3.1 0.1
0.6 0.3
1 1.8
1 0.6
2 1.1
0.3 0.3
2.9 0.2
0.2 0.1
1.3 0.1
0.7 0.1
0.1 0.1
1.3 0.1
0.1 0.3
SC1037 cracked at Pc =100 MPa and T = 683 K
continued on next page
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0.7 0.3
8 1.5
0.2 0.5
1 2.1
0.5 0.6
7 0.2
14.5 4
3.8 0.6
1.3 0.5
6.5 0.4
0.2 0.3
0.9 0.1
0.1 0.4
7.4 0.1
0.4 0.3
0.4 0.2
0.3 0.2
2.4 0.4
0.1 0.2
0.2 0.1
4.4 0.1
0.1 0.8
1.3 0.6
2.3 0.3
0.1 0.2
0.6 0.6
1.8 0.1
0.2 1.1
1 0.1
0.5 0.5
0.4 0.5
1.1 0.3
0.3 7.5
0.4 1.2
2.3 0.3
Apparent Width, pm
0.1 0.6
4.5 0.1
3.2 0.7
1.9 2.1
2.2 2
0.8 0.1
0.3 0.3
0.6 0.2
0.2 0.3
0.2 0.6
1.1 0.2
1.6 0.4
7 3.4
0.3 3.4
4.7 0.1
0.7 2.1
1.3 0.1
0.8
0.6
3.8
1.4
0.9
8.5
1.6
0.2
0.2
0.2
0.4
0.2
1.9
2.4
3.7
0.6
0.3
149
4
0.5
1
0.7
1.8
0.5
1.4
0.3
0.4
2.9
0.4
2.1
2.2
0.6
3.2
10.6
0.4
0.8 0.2
0.1 1.6
0.5 0.1
0.4 1.4
0.8 0.3
5.8 1.9
3.4 6.9
0.1 0.1
0.2 0.4
0.8 8.2
0.4 1
0.1 0.1
1.4 4.5
0.3 2.3
0.2 6.5
1.1 2.1
0.6 0.2
0.7 0.1
4.8 0.9
0.3 0.1
3.4 0.1
8.5 9.9
1.6 1.3
0.4 0.8
0.4 0.4
1 0.6
0.1 1.1
0.3 0.4
0.2 4
0.2 0.3
7.8 6.2
1 2.9
8 0.1
4.7 3.1
0.4 0.5
7.3 2.2
1.1 1.7
0.3 0.2
0.3 0.1
0.5 0.6
0.1 2.7
0.6 0.8
1.5 1.8
0.7 0.2
2.9 1.2
0.8 0.3
0.3 1.2
1.4 7
0.8 1.1
0.2 0.5
0.2 1.2
2.4
5.3
7.9
1.1
0.8
0.5
0.7
0.1
0.4
0.3
4.4
0.2
1.1
2.3
4.7
0.2
0.2
0.2
1.8
0.5
0.3
6.6
0.1
1.4
0.3
0.1
0.2
0.9
0.5
4.7
0.5
2.9
13.1
0.6
i
A.4 Summary of Aperture and Length Surveys
Table A.4: Table of Flaw Measurements.
w, 1, w, 1, w, 1, w, 1, w, 1, w, 1,
pm pm pm pm pm pm pm pm pm pm pm pm
Untreated
0.2
8.8
0.1
1.2
0.6
0.4
0.4
1.2
0.1
0.6
0.3
0.1
0.4
0.4
0.8
0.2
0.7
0.6
0.3
0.4
1
0.5
0.5
0.1
3
0.4
0.1
1.2
1.1
23
20
23
75
5.2
350
230
31.2
75
14
135
73
41
16
76
150
92
50
107
114
43
340
22
21
25
31
140
152
240
3.2
2.1
0.5
19
0.3
0.4
0.4
0.1
0.2
2
2.6
0.4
0.3
0.3
0.6
0.4
0.1
1.2
0.5
0.2
0.3
1
0.2
0.1
0.4
0.2
0.7
0.8
0.4
76
5.2
130
31
74
150
57
43
16
130
17
52
68
60
38
59
42
94
66
160
13
66
52
3.9
61
104
7.6
200
20
0.1
1
1.2
0.8
0.5
2
0.2
0.1
0.1
0.1
0.5
0.2
0.8
0.1
0.1
0.1
0.2
0.7
0.2
1.6
2.9
0.1
0.3
0.4
0.4
0.4
0.1
2.1
0.8
40
78
4.9
14
150
91
42
32
75
42
22
125
300
42
107
91
115
220
62
36
11.4
37
23
98
6.4
6.2
41
66
28
0.1
0.3
0.3
0.2
0.4
0.1
0.8
1
0.1
0.9
0.6
0.4
0.6
0.7
0.7
0.6
0.7
1.6
0.3
0.7
0.9
1.2
0.2
0.1
0.7
0.6
0.1
0.1
1.9
19
10
31
32
210
53
2.4
52
176
97
53
4.9
43
120
102
36
36
140
43
23
59
5:8
18
42
120
5.9
17
128
17
0.7
0.6
0.4
5
1
0.1
0.3
0.1
0.4
0.3
0.6
0.3
0.3
0.6
1.4
0.8
0.1
0.6
0.6
0.4
0.2
0.3
3.7
0.1
0.6
0.5
2.7
0.1
5.6
73
22
42
42
350
11
58
140
36
18
17
34
26
5.8
9
27
46
160
71
21
73
29
17
77
35
105
65
183
94
1.4
0.2
0.4
0.5
0.8
0.4
0.1
0.2
0.2
0.1
0.4
0.6
0.6
1.2
0.1
0.2
0.4
0.5
0.2
0.8
0.8
0.5
0.7
0.2
0.3
0.1
0.7
0.6
2.1
36
14
27
7.4
24
64
23.5
16
20
36
18
130
16
103.5
10
29
128
280
52
96
28
68
136
21
18
11
41
145
53
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w, 1, w, 1, w, l1, w, l1, w, 1, w,
pm pm pm pm m pm pm pm pm pm
0.3
3.2
0.2
0.4
0.3
0.2
2.6
0.2
0.4
0.8
14
320
110
22
34
24
26
80
12
11
0.1
0.3
4.4
0.3
0.3
0.8
1.9
1.6
0.1
1.1
325
47
65
39
78
79
37
17
5.6
18
1.3
0.5
0.3
0.2
0.5
0.2
0.4
3
11
4
58
12
24
23
71
23
36
52
1
60
0.2
0.3
0.4
0.3
0.2
6.2
0.7
0.1
0.8
0.2
28
100
58
65
56
167
65
12
7.9
24
0.7
0.2
0.4
1.1
3.7
3.1
0.3
0.1
0.3
21
109
350
51
84
56
106
44
47
0.2
0.2
0.8
0.2
11.2
0.1
0.8
0.1
1.2
SC1018 deformed at Pc=0.1 MPa and T = 830 K
0.5
0.4
0.2
0.2
1
0.1
0.1
0.1
0.1
0.3
0.1
2.1
0.1
0.4
0.1
0.2
0.3
0.2
0.1
0.1
0.1
0.3
0.1
0.2
0.1
0.1
51
160
47
28
360
12
53
2.1
23
88
32
22
22
30
30
80
100
18
96
114
44
102
42
35
90
18
0.2
1.2
0.2
0.1
0.1
0.8
0.4
0.1
1
0.2
0.1
0.1
0.1
0.1
0.3
0.1
0.2
0.1
1.1
7.4
0.1
1.4
1
1.8
0.1
8.4
76
26
19
36
114
1.4
31
1.1
97
26
29
110
240
18
54
9
132
20
46
51
45
31
75
21
63
115
0.4
0.2
6.1
0.3
0.1
0.1
0.4
0.2
0.2
0.1
0.2
4.2
0.1
0.1
1.8
0.1
0.1
2.1
0.1
0.8
0.1
0.6
1.2
3.2
0.1
0.2
16
18
31
24
65
42
75
125
48
12
11
44
31
16
90
12
400
54
41
200
26
24
41
153
24
32
0.8
0.8
1.7
0.7
0.1
1.2
0.1
0.1
0.3
0.1
0.3
0.1
0.1
0.1
0.6
0.1
0.1
0.1
0.2
0.2
0.1
1.4
6
0.1
0.1
0.1
115
28
133
103
72
51
2.2
18
25
12
16
12
21
24
31
33
18
38
21
39
6
7.1
64
23
5.8
71
0.7
0.5
0.4
0.8
0.7
0.1
0.1
0.6
0.1
0.6
0.2
0.1
0.1
0.1
1.1
0.1
0.1
0.3
3
0.1
0.1
0.1
0.1
0.3
0.1
1
118
215
380
37
29
7.1
155
46
6.8
99
51
34
100
9.4
270
41
6.4
42
71
60
30
33
21
125
4.3
16
0.8
0.4
0.1
9.1
0.3
2.4
0.1
0.1
0.1
0.1
0.1
0.4
0.1
0.8
0.3
0.1
0.1
0.1
0.4
0.1
0.2
0.1
1.8
1.1
10
1
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1,
pm
18
95
42
64
64
120
260
17
42
390
65
23
340
17
29
3.6
57
4.4
53
37
74
21
72
64
47
5.3
18
107
24
34
32
35
47
25
17
w, 1, w, 1, w, l1, w, 1, w, 1, w, l1,
pm pm pm pm pm pm pm pm pm pm pm pm
0.2 21 0.1 38 0.1 27 0.2 44 0.1 78 0.1 26
0.1 10 0.2 33 0.1 8.4 1 63 0.6 27 0.1 60
0.1 18 0.1 12 0.1 13
SC1006 cracked at Pe=200 MPa and T = 830 K
0.6 2.2
0.8 6.6
0.1 49
1 68
1.1 29
0.2 72
0.1 18
1.9 2.3
0.2 42
0.1 30
0.1 90
0.1 24
0.1 74
0.2 36
0.1 58
3.5 21
0.1 22
3.4 31
0.3 64
0.2 310
1.2 53
0.4 74
0.2 64
0.2 36
1.1 54
0.1 26
2 19
0.1 94
1.4 92
0.4 32
0.1 180
0.1 28
0.1 36
2 62
1.2 79
0.2 23
0.1 130
0.1 98
0.7 26
0.2 27
0.1 84
0.2 130
1.1 31
0.2 315
0.3 28
2 36
0.2 85
0.5 38
1.1 77
0.8 34
2 17
0.7
1.1
0.1
0.1
1.2
0.2
0.1
0.2
9.5
0.2
1.5
2
0.1
0.3
0.1
0.3
0.1
10.6
7.2
40
36
61
52
140
95
38
16
26
34
36
31
16
87
19
0.1 10
1.5 5.2
0.4 32
0.3 33
5.4 255
4.5 36
0.3 150
0.4 1.5
0.1 87
0.2 8
1.2 16
0.2 46
0.1 5.2
0.1 32
0.3 101
0.1 12
1.9 31
0.1 50
0.2 300
0.1 160
0.2 155
0.1 46
7.5 138
0.1 116
0.1 300
0.2 19
0.3 21
0.2 110
0.1 65
0.2 69
2.7 12
0.1 42
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Appendix B
RNG Method for Modeling
Transport Properties
B.1 Description of the Method
The renormalization group transformation (RNG) method incorporates multiple length
scales into modeling effective mechanical and transport properties of composite media.
Transport and mechanical properties of rocks are interpreted in terms of equivalent
conductor networks. Following [98, 99] we modeled the rock as a composite of solid
cubes, whose faces may be separated by box-shaped channels (flaws). The size of
the flaws control the conductive properties. We compute the properties of the overall
material by considering the contributions of different size classes individually. The
primary/building block of the method, the renormalization cluster [98, 133] may be a
two- or three-dimensional array of conductors (Figures B-1 and B-2). The branches
of the array are occupied by a bimodal distribution of conductors, with values CA
and UB, where YB > CA. For example, if phase B has probability (p) to occupy a
branch, the probability of having a throughgoing path in a 2x2 network composed
of the more conductive element is given by the RNG transformation polynomial
R(pn) = Pn+1
= 2p2(1-3p)+8p3 (1-P)2 +
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5p4 (1-p)+p -. (B.1)
For the case of a 2 x 2 x 2 network, the equivalent electrical circuit is shown in Figure B-
2 and the RNG transformation polynomial [133] is given by
R(pn) = pn+1
= 4(1-p)O p2 +48 (1-p)' p3+
238 (1 -p) 8 p4 +616 (1 -p)7 p5 +
856 (1 -p) 6 p6 +776 (1 -p)5 p7 +
493 (1 -p)4 p8 +220 (1 -p) 3 P9 +
66 (1 - P)2 10o + 12 (1 - p) P 1 +P12. (B.2)
A particularly instructive case is a two-dimensional network of 2x2 elements (Fig-
ure B-1). The smallest scale is embedded in a network of the next larger scale and
so on [98, 10]. The renormalization method continuously embeds the renormalization
cluster in a larger network until a further renormalization does not change the effec-
tive conductivity of the graded net. At this point the conductivity reaches a stable
value.
We introduce the following simplifying steps into the computation of the effective
conductivity of a 2x2x2 network: First, we evaluate the initial conductivity of a
cubic network comprising a bimodal distribution of conductors, one value being the
conductance of a void with a width below the resolution of the SEM (0.01pAm) and
with a length approximately equal to the mean flaw length of 9 pm. The other value
of the bimodal distribution is the conductance value of the smallest observed size
class. The fact that we do not observe the smallest flaws means we cannot compute
absolute transport properties. We then generate a new network, again consisting of
a bimodal distribution of conductors. This time, we take the conductivity of the
previously renormalized network as that of the less conductive phase and add the
next more conductive phase into the new network with its probability of occurrence.
We repeat this procedure until all size classes have been incorporated.
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The calculation of conductivity for networks having conductors both in paral-
lel and in series is simplified by using a geometric mean of the conductance values
and weighting them by their probability of occurrence [98, 19]. In addition, the
geometric mean is less sensitive to measurement errors [98, 154]. This feature is par-
ticularly attractive because inversions assuming three-dimensional arrays of oblate or
prolate spheroids are extremely sensitive to measurement errors of long and narrow
cracks. For example, the inversion schemes put forward by [31, 39] or [63] involve
integration of elliptic integrals, the value of which are highly dependent on accurate
measurements. These two simplifications make the computations much less complex
[136, 154]. Last, Madden [1983] showed that a 2x2x2 network is fairly accurate,
causing errors of less than 4%. The increased computational load by considering
3x3x3 or 4x4x4 does not appear warranted (but see the remarks of [103]).
In a recent paper, Bahr [10] applied renormalization group methods on 2x2 net-
works to determine the connectivity and electrical conductivity of high-conductivity
layers in the middle or lower crust. He determined an analytic expression for all con-
nected paths weighted by their efficiency and arrived at a modified polynomial for the
renormalization group transformation which he refers to as connectivity. This elegant
approach, however, is difficult to extend to even the simplest three-dimensional cubic
network, and instead, we use the weighting of [136].. The number of embeddings neces-
sary to achieve a stable effective conductivity value depends on the initial probability
of finding a heterogeneous conductor and the renormalization group transformation
polynomial. The RNG transformation polynomial has two stable fixed points at 0
and 1, and one unstable fixed point, which is approximately the percolation threshold,
pC, of the particular lattice used [1, 132]. The fixed points are given by the roots of
the polynomial in the domain [0;1]. For any probability other than the percolation
threshold, embedding will result in the probability evolving to either 0, if the initial
value was below pC, or 1, if the initial value was above pc. Exactly at pc, infinitely
many embeddings are required because the correlation length of the more conductive
cluster diverges. In the neighborhood of pc, transport properties can be modeled
using percolation theory approaches [132].
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For one set of parameters, which include the probability of finding a flaw of a cer-
tain size, the flaw conductance, and the value of the smaller conductor, we compute
the value of the step-wise renormalized probability and the effective transport coeffi-
cients of the two conductors comprising the net. The computation is done recursively
until one of the two stable fixed points, 0 or 1, (Figure B-3) is reached, a procedure
which greatly simplifies the computations [30, 98]. In Figure 3-7 we show the effec-
tive conductivity of networks composed of a bimodal distribution of conductors. For
mixtures of conductors whose values are not too different (10:1), one can see that a
simple volume averaging would result in a fairly good approximation. The accuracy
of the volume averaging progressively deteriorates as the difference in properties be-
comes larger, leading to substantial errors. The curves also emphasize the fact that
small additions of a highly conductive phase (such as a wide aperture flaw) result in
significant enhancement of transport properties. -
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Figure B-1: Schematic of a 2x2 network, twice embedded. The probability of finding
a through-going path composed of conductors/resistors with higher values is given by
the renormalization group transformation polynomial (see text). This probability is
then taken to be the probability of occupancy on the next larger scale and so on.
157
30M
A4
vi V
Figure B-2: Representation of the simplest three-dimensional network and the cor-
responding equivalent resistor network. Resistors have different values indicated by
shades of gray. Flow is only in the vertical direction; there is no flux across any other
face. We impose a potential drop across the top and bottom face and compute the
effective (electrical and hydraulical) conductivity of the network.
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des
1.0
0.8
0.6
0.4
0.2
0
degree
9
stable fixed
points
unstable
fixed point
0.2 0.4 0.6 0.8 1
Probability of Occupancy on Network
Figure B-3: Increasing the degree of embedding causes the probability to evolve to
one of the stable fixed points of the polynomial (0,1) or to stay at the unstable fixed
point with increasing degrees of embedding. The unstable fixed point corresponds
to the percolation threshold for a cubic network. At stable fixed points the effective
properties of the network do not change.
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Appendix C
Experimental and Microstructural
Data of Semi-Brittle Flow in
Calcite-Quartz Marbles
C.1 Experimental Measurements
Table C.1: Table of Experimental Measurements.
Peff, Permeability, ±, Conductivity, t, Formation
MPa In2 In2 S/m S/m Factor, F
Undeformed
3.18 x 10-18
2.88 x 10-18
2.69 x 10-18
2.66 x
2.56 x
2.43 x
10-18
10-18
10-18
5.9 x 10-19
5.3 x 10~'9
4.9 x 10-'9
4.9
4.7
4.4
10-19
10-19
10-19
0.0732
0.0709
0.0675
0.0649
0.0607
0.0593
0.0562
0.0059 169.5
0.0059 175.2
0.0054
0.0052
184.1
191.5
0.0049 204.7
0.0047
0.0045
continued on.
209.4
220.6
next page
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5
20
21
40
60
62
80
81
100
128
Peff, Permeability,
MPa m2
t, Conductivity,
m2 S/m
+, Formation
S/m Factor, F
151 2.35 x 10-18 4.3 x 10-19 0.0538 0.0043 230.7
IRE6 deformed at Pc = 50 MPa and Room T to e = 5 %
(failed during effective pressure cycle during permeability test)
4.40 x 10-18
3.75 x 10-18
3.31 x 10-18
3.30 x 10-18
3.27 x 10-18
4.3 x
3.7 x
3.2 x
3.2 x
3.2 x
10-19
10-19
10-19
10-19
10-19
IRE7 deformed at Pc = 100 MPa and Room T to c = 5%
5.9 x 10-19
5.3 x 10-'9
6.8
6.6
6.5
6.2
10-19
10-19
10-19
10-19
0.1728
0.1341
0.1132
0.0922
0.0855
0.0778
0.0689
0.0645
0.0138
0.0107
71.9
92.6
0.0091 109.7
0.0074 134.8
0.0068 145.3
0.0062
0.0055
0.0052
159.5
180.4
191.7
IRE8 deformed at Pc = 200 MPa and Room T to e = 5%
2.44 x 10-18
2.34 x 10-18
2.20 x 10-18
2.09 x 10-18
4.7 x 10-'9
4.5,
4.2,
4.0,
10~19
10-19
10-19
0.1448
0.1281
0.1134
0.0996
0.0910
0.0814
0.0729
0.0671
0.0116
0.0102
0.0091 109.5
0.0080 124.7
0.0073 136.5
0.0065
0.0058
0.0054
IRE9 deformed at Pc = 300 MPa and Room T to c = 5%
0.1407 0.0113
continued on next page
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14
54
97
128
151
5
20
21
40
60
62
80
81
100
128
152
4.05
3.90
3.85
3.66
10-18
10-18
10-18
10-18
5
20
21
40
60
62
80
81
100
128
152
85.8
96.9
152.5
170.4
185.0
88.3
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Peff,
MPa
20
21
40
60
62
80
81
100
128
152
5
20
21
40
60
62
80
81
100
128
152
5
20
21
40
60
62
80
81
100
128
152
5
Permeability, ±, Conductivity,
mn 2Im2S/m
0.1233
0.1046
0.0900
1.63 x 10-18 3.0 x 10-19 0.0800
1.57 x 10-18 2.9 x 10-19 0.0739
1.48 x 10-18 2.8 x 10-19 0.0652
1.42 x 10-18 2.7 x 10-19 0.0589
IRE10 deformed at Pc = 300 MPa and Room
0.1580
0.1382
0.1160
0.1015
1.57 x 10-18 2.6 x 10~19  0.0888
1.50 x 10-18 2.5 x 10-19 0.0799
1.41 x 10-18 2.3 x 10-19 0.0722
1.34 x 10-18 2.2 x 10- 19  0.0631
IRE5 deformed at Pc = 200 MPa and T = 673
0.1094
0.1016
0.0892
0.0835
1.53 x 10-18 2.5 x 10~19  0.0768
1.41 x 10-18 2.3 x 10-19 0.0684
1.32 x 10-18 2.1 x 10-19 0.0623
1.27 x 10-18 2.0 x 10- 19  0.0585
RE4 deformed at Pc = 200 MPa and T = 873
0.0061
cont
t, Formation
S/m Factor, F
0.0099 100.3
0.0084 118.8
0.0072 138.0
0.0064 155.2
0.0059 169.5
0.0052 190.4
0.0047 210.7
T to E = 5%
0.0126 78.6
0.0110 89.9
0.0081 107.0
0.0072 122.4
0.0071 139.9
0.0064 155.4
0.0058 172.1
0.0050 196.9
K to E = 5%
0.0088 113.6
0.0081 122.2
0.0071 139.2
0.0067 148.7
0.0061 161.8
0.0055 181.5
0.0050 199.4
0.0047 212.3
K to e = 5%
0.0005 2035.7
inued on next page
I
I
I
Permeability,
m 2
2.6 x 10-20
2.1 x 10-20
2.1 x 10-20
2.2 x 10-20
2.3 x 10-20
Conductivity,
S/m
4.1 x 10-21
3.4 x 10-21
20
21
40
60
62
80
81
100
128
152
10~21
10-21
10-21
0.0058
0.0057
0.0055
0.0048
0.0045
0.0040
0.0037
S/m
Formation
Factor, F
0.0005 2123.3
0.0005 2193.7
0.0004 2276.0
0.0004 2590.5
0.0004
0.0003
0.0003
2774.3
3077.3
3312.6
C.2 Microstructural Observations
Table C.2: Table of Microstructural Observations.
w, 1, w, 1, w, 1, w, 1, w, 1, w, 1,
pm pm pm pm pm pm Ipm p pm pm Pm pm
Undeformed
0.8
3.8
2.8
0.7
0.4
2.2
0.3
0.3
0.2
0.6
0.2
0.4
1.3
0.9
0.8
1.3
7.6
9
3.2
2.4
17
2.9
3.2
2.4
7.6
3
7
27
21
22
1.2
3.8
0.1
0.2
0.3
0.4
0.4
0.8
0.2
0.3
0.4
0.2
0.4
0.2
0.3
2.2
7.7
0.4
1
1.8
3.2
4
9
2.4
3.9
6.1
3.8
8.4
4.8
8.6
2.8
3.6
1.2
1.5
1.4
0.8
0.6
0.3
0.2
0.2
0.3
0.3
0.2
0.1
0.1
5.3
8.3
4.8
8
9
6.6
6
3.4
2.4
2.7
4.6
5.8
4.3
2.5
2.9
0.1
1
0.4
2.6
1
0.4
0.6
0.2
1.3
0.4
0.8
0.2
0.6
0.1
0.1
0.2
2.4
1.7
14
6.6
3.5
6.2
2.3
16
5.4
13
3.9
13
2.5
2.9
1
2.2
2.1
1.1
0.7
1.8
0.7
0.8
0.3
0.5
0.3
1.5
0.1
0.4
0.2
2
6
9
6.2
5.3
16
7.4
9..4
3.7
7
5
30
2.2
10
5.8
1.2
4.4
0.2
0.4
0.9
0.3
3.2
0.2
0.3
2.1
0.2
0.3
0.1
0.6
1.4
2.4
12
0.9
2.3
6.9
2.9
34
2.4
3.7
31
3.4
6.2
2.2
16
41
continued on next page
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Peff,
MPa
3.5 x
3.4 x
4.1 x
w, 1, w, 1, w, l1, w, 1, w, 1, w, 1,
pm pm pm pm pm pm pm pm pm pm pm pm
0.3 9 0.4 12 0.1 3.2 0.1 3.2 0.1 3.4 0.1 3.5
0.4 14 0.3 11 0.1 4 0.1 4 0.2 8 0.3 12
0.4 16 0.1 4.2 0.1 4.2 0.1 4.2 0.1 4.6 0.3 14
0.3 14 0.3 14 0.1 4.7 0.1 4.8 0.1 4.9 0.4 20
0.1 5.3 0.2 11 0.4 22 0.2 13 0.2 13 0.1 7
0.2 14 0.2 14 0.3 22 0.1 7.4 0.2 17 0.1 9
0.2 18 0.1 10 0.3 31 0.1 12 0.2 24 0.2 37
0.1 22 0.1 28 0.1 5.2
IRE7 deformed at Pc=100 MPa and Room T to E=5 %
4.9 5.5 2.1 2.8 1.4 2 5.2 8 0.8 2 3.2 9.5
2.1 6.5 0.9 3.5 1.2 5.2 0.4 1.9 3 15 2.5 14
0.8 4.6 0.6 3.7 0.5 3.2 0.6 4.2 0.4 3.1 2 16
0.4 3.6 0.4 4 1 10 1.2 13 0.8 9.9 0.5 6.3
0.5 6.4 0.3 4.1 0.4 5.6 0.3 4.3 0.4 5.8 0.3 4.5
0.5 7.5 0.8 12 0.4 6.1 0.2 3.1 0.2 3.2 0.3 4.8
0.5 8 1 16 0.8 13 0.8 14 0.3 5.3 0.4 7.1
0.2 3.6 0.3 6 0.5 10 0.2 4.1 0.4 9 0.3 7.1
1.1 27 0.4 10 0.4 10.3 0.2 5.2 0.3 8.1 0.2 5.5
0.2 5.8 0.2 5.9 0.4 12 0.1 3.1 0.2 6.3 0.2 6.4
0.1 3.4 0.3 10.3 0.2 7 0.4 14 0.1 3.6 0.2 7.6
0.8 32 0.2 8.3 0.3 12.7 0.8 36 0.2 9.7 0.2 9.7
0.2 8.3 0.3 12.7 0.8 36 0.2 9.7 0.2 9.7 0.1 5.1
0.1 5.4 0.1 5.6 0.3 17 0.4 23 0.1 5.8 0.1 6
0.2 12.3 0.1 6.4 0.3 20 0.1 7 0.3 21 0.1 7.2
0.1 7.4 0.1 8.3 0.4 34 0.1 8.8 0.1 9 0.1 9
0.2 18 0.1 9.4 0.2 20 0.1 11 0.1 11 0.2 22
0.2 28
IRE9 deformed at Pc=300 MPa and Room T to c=5 %
0.6 3 0.4 0.4 0.8 3 2.1 11 2.2 12 0.9 5.1
1.2 7.1 1.1 7 1 6.5 4 28 1.8 13 2.9 21
1.2 9 0.3 2.6 0.8 7 0.8 7.2 0.1 15 1.3 13.5
0.4 4.2 1.1 12 0.9 10 1.3 15 1.2 14 0.5 7.2
0.3 4.5 0.2 3.1 0.4 6.2 0.4 7 0.6 11 2 40
0.5 10.4 0.6 13 0.2 4.6 0.2 5.2 0.2 5.3 0.3 8
0.3 8.6 0.2 6 0.3 9.5 0.2 6.5 0.2 7 0.2 7
0.2 7 0.4 14 0.3 11 0.2 8 0.2 9 0.1 4.9
continued on next page
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w,W), w, 1, w, 1, w, 1, w, 1, w,
pm pm pm pm pm pm pm pm pm pm pm
0.1 5 0.1 5 0.1 5.3 0.3 16 0.3 16 0.1
0.2 11 0.1 5.6 0.2 12 0.2 14 0.1 7.3 0.1
0.1 8 0.1 8 0.1 8.5 0.1 9 0.3 28 0.1
0.1 9.5 0.1 10 0.1 16
IRE5 deformed at Pc=200 MPa and T=673 K to c=5 %
1.4 1.2
3 7.6
1.4 6.2
1.2 7.2
0.6 5
0.3 3.3
1.4 18.7
0.6 10.8
0.2 6
0.2 8
0.1 5.4
0.1 7.2
0.1 10.1
0.1 13.4
0.1 7.1
2.3
2
0.9
0.9
0.8
0.9
0.5
0.2
0.3
0.2
0.4
0.4
0.2
0.1
0.1
3
5.4
4
5.5
7.5
10.2
7
4.6
9
8.2
24
29
21
16
7.2
4.5 7.2
3 8.5
1.4 6.4
0.8 5.2
0.7 7
0.1 1.3
0.4 6.2
0.2 4.8
0.1 3.1
0.2 8.5
0.1 6.3
0.1 9
0.1 13
0.1 16
3.2
1.6
2.3
0.8
0.8
0.6
0.3
0.3
0.2
0.3
0.2
0.2
0.1
0.1
5.6
6
10.9
6.2
8
7.8
4.8
7.5
7.2
13
13
19
13
22
2.8 5.1
1.4 5.6
0.9 4.6
1 7.8
1.2 12
2 26
0.4 6.4
0.3 7.6
0.1 3.7
0.2 8.8
0.1 7
0.1 9.8
0.1 13.2
0.3 11.8
7.8
1.2
0.4
0.8
0.4
0.6
1.1
0.3
0.1
0.2
0.1
0.2
0.1
0.1
IRE4 deformed at Pc=200 MPa and T=873 K to e=5%
0.9 1.1
0.4 4.6
0.1 6.3
0.2 21
0.1 16
0.2 18
1.1 1.4
0.2 3.4
0.1 6.4
0.1 11
0.1 17
0.1 14
0.5 2.4
0.2 4.8
0.1 7
0.1 12
0.1 19
0.1 38
0.1 0.5
0.2 7.2
0.1 8
0.1 12
0.1 22
0.3 2.1
0.1 4.2
0.1 8
0.1 13
0.1 32
0.2
0.1
0.3
0.1
0.1
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1,
pm
5.4
7.5
9.4
14.5
5
2.4
6.6
4.1
8
18.3
8.2
3.9
9
7
20
13.2
4.8
2.3
6
26
13
34
Appendix D
Deformation Curves of
Calcite-Quartz Marbles
The deformation curves are for reference to chapters 4 and 5 and serve the interested
reader to look at experimental details. We attempted to catalog the curves with
labels that are almost self-explanatory: e.g. "Figure D-40: cql15p2c" refers to a
calcite quartz mixture with 10 % quartz and 90 %. calcite. The specimen is the 1 51h
sample that we have in one way or other dealt with. p refers to the protolith being
a powder mixture HIPed in our laboratory. The e.g. 1 refers to the first page of x
pages, where x E [1; 5]. If one or more load reversals were applied to a specimen, we
have labeled individual plots with a e.g.(2c), which refers the the 2 "d loading cycle in
compression.
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I I . I . . . .
00 0.02 0.04 0.06 0.08 0.11
100%CC (ccl04p)
T = 873 K, P = 300 MPa, Pf =0MPa
de/dt = 3.02x10-5s1
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100 -
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Figure D-1: cclOO-cclO4p
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100%CC (cclOO)
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Figure D-54: cq2l2p
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Figure D-58: cq40l-cq405
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